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1 Introduction  
Textile manufacturing is a very ancient craft, with a history almost as mankind as itself. 
Textile products play a vital role in meeting man's basic needs. Textiles are also important in 
all aspects of our lives from birth to death. As well as providing protection from the elements, 
the first textiles were used as decoration, providing status for the owner. They were also 
used as tools, bags for transporting belonging and for holding food as it was gathered. 
Textiles are produced in almost every country of the world, sometimes for consumption 
exclusively in the country of the world, sometimes mainly for export. From cottage industry to 
Multi-national Corporation, textiles and clothing are truly global industries and it plays a vital 
part in the creation of a modern manufacturing economy. In the last 40 years, the 
development of technical textiles has attracted the attention of scientists and technologists 
since it is expected to exhibit interesting properties opening new fields of application.  
The development of man-made fibers and new dyestuffs in the early part of the 20th century, 
and continuing technological development, have and continue to lead to new products and 
applications. Man-made fibers opened up completely new application areas for technical 
textiles. Synthetic fibers offered high strength, elasticity, uniformity, chemical resistance, 
flame resistance and abrasion resistance among other things. Applications of new chemicals 
help the design engineers to tailor their products for special uses. New fabrication techniques 
also contributed to the improved performance and service life of technical textiles the 
technological advances of textiles affect in various industries. The application of textile 
material in technical textiles has given an impetus to fiber technology. Technical textiles have 
met the various challenges created by the advancement of the society and by the ever needs 
of mankind which had been supposed to be increased now, at the beginning of the 21st 
century /1/. 
Knowledge of a basic textile skill of manipulating fibers, fabrics and finishing techniques is 
must for an understanding of how all those interact and perform in different combinations and 
environments. Beyond that, much of the technology and expertise associated with the 
industry resides in an understanding of the needs and dynamics of many very different end-
use and market sectors. Technical textiles materials and products manufactured primarily for 
their technical and performance properties rather than their aesthetic or decorative 
characteristics /2/.  
Technical textiles have been entering every aspect of human life. Some of the modern 
industries simply would not be the same without it as they make a vital contribution to the 
performance and success of products that are used in non-textile industries. The 
technological advances of textiles affect much more in various industries. Thanks to 
advanced medical technology, today minute bundles of fibers are implanted in human bodies 
to replace or reinforce parts of the human body. On the other hand, it is used as protective 
clothing, medical and health care products, automotive components, building material, 
geotextiles, agriculture, sport and leisurewear, filter media, environmental protection, etc.      
/1, 3./ 
The technical-textile market occupies an important place in the total textile scene, accounting 
in the last decade of the 20th century for about 22% of all fibers consumed in Western 
Europe; this segment of the textile market is growing at a high rate. The procedures of 
technical textiles have been concentrating their effort in improving their strategic position, 
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productivity, value-added-product range, and niche positions in order to expand their 
markets. Tab. 1.1 represents the worldwide consumption of technical textiles between 
``2000-2005``. Technical textiles are likely to grow by 3.8 per cent per annum by weight and 
by 3.6 per cent by value between 2005 and 2010 /2, 4/.  
 (103 tons)  ($ million) 
Region  2000 2005 Growth [in % p.a.]
 
2000 2005 Growth [in % p.a.] 
Western Europe 2690 3110 2.9 13770 15730 2.7 
Eastern Europe 420 560 5.9  2500 3260 5.5 
North America 3450 3890 2.4  16980 18920 2.2 
South America 350 430 4.2  1870 2270 3.9 
Asia 3560 4510 4.8  20560 25870 4.7 
Rest of the world 870 1190 6.5  4590 6280 6.5 
Total 11340 13690 3.9  60270 72330 3.7 
 
Tab. 1.1: Worldwide consumption of technical textiles by geographical/region, 2000-2005 /2/ 
Technical textiles are semi-finished or finished textiles and textile products manufactured for 
performance characteristics. Technical textiles are textile materials and products 
manufactured primarily for their technical performance and functional properties rather than 
their aesthetic or decorative characteristics. Textile fabrics are most commonly woven but 
may also be produced by knitting, felting, lace making, net making, nonwoven processes and 
tufting or a combination of these processes. Most fabrics are two-dimensional but an 
increasing number of three-dimensional woven technical textile structures are being 
developed and produced. Woven technical textiles are designed to meet the requirements of 
their end use /5/.  
The technical textile product can be used in three different ways: 
1. It can be a component part of another product and directly contribute to the strength, 
performance and other properties of that product, e.g., tire cord fabric in tires. 
2. It can be used as a tool in a process to manufacture another product, e.g., filtration 
textiles in food production, paper machine clothing in paper manufacturing. 
3. It can be used alone to perform one or several specific functions, e.g., coated fabrics to 
cover stadiums. 
Fabrics offered the advantage of light weight and strength for early flying crafts in the air. The 
wings of the earliest airplanes were made of fabrics. Industrial textiles are still used in hot air 
balloons and dirigibles. Industrial textiles have played a critical role in space exploration. 
Spacesuits are made of a layered fabric system to provide protection and comfort for the 
astronaut, on the other hand heat shields on space vehicles are made of textile fibers that 
can withstand several thousand degrees Fahrenheit. Technical textiles provided strong and 
light weight materials for the lunar landing module and for the parachutes used to return the 
astronauts to earth in 1969. Military applications, especially during the global conflicts, 
expedited the development of technical textiles to better protect the soldiers /6/. 
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The technical textiles based on composite materials are the rapidly developing light-weight 
engineering materials. Fabrics constitute the reinforcement component of the composite 
material. The fabrics used in composites manufacture are referred to as performs and are 
especially engineered as a single-fabric system to impart reliability and performance. 
However, these new indispensable 3D-fabric manufacturing methods, which have been 
primarily devised to organize and assemble essentially three orthogonal sets of yarn in the 
fabric-length, -width and thickness directions, have not been a matter of examination from 
the point of textile technology. The use of sandwich structures is growing also very rapidly 
around the world. It's much advantage, the development of new materials and the need for 
high performance, low weight structures insure the sandwich construction will continue to be 
demand.  The majority of the 3D woven products that are currently commercially available 
are formed by a 2D weaving process that is used to build up a preform with fibers oriented in 
three dimensions /7/.  
The characteristics of 3D spacer fabrics are multifaceted. It is an extremely light material. An 
expected advantage of spacer fabrics is the freedom to orientate selected fiber types and 
amounts to accommodate the design loads of the final structural component. 
The main goal of thesis exists in the development of the weaving machine and structure 
elements of 3D-spacer fabric for lightweight composites. Therefore, this thesis spots the light 
on two important points which had been development of the let-off and take-up method on 
the weaving machine and also development of spacer fabrics structures. The importance of 
woven spacer fabric exists in using it as composites in the lightweight constructions. 
Lightweight structures engineering with textile-reinforced composites offers numerous 
advantages over conventional designs. Mainly the high stiffness and strength with low 
weight, the good damping and crash properties, the great variety of textile processes and 
structures as well as the cost-effective production with high reproducibility, the suitability for 
high-volume series production and to it is assumed to be used later in lightweight 
applications within different industries. This thesis is represented the third stage (A3) for the 
project objectives of Collaborative Research Centre SFB 639. Fig. 1.1 represents the 
interlocked process chain of this project /8/. 
 
 
 
 
 
 
 
 
Fig. 1.1: Interlocked process chain from filament up to component part /8/ 
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The following points represent in brief the steps of the research: 
Chapter 2: Woven structures 
It describes general survey for the arts of technical textiles specially 3D-textiles and spacer 
fabrics involved its main properties and production methods.  
Chapter 3: Manufacturing’s technology of 3D-fabrics 
It includes the main traditional manufacturing methods to weave 3D-fabrics. 
Chapter 4: Structure of spacer fabrics 
It defines the research problems to study and analyze its parameters, on the other side it 
suggests the solutions to solve the problems. 
Chapter 5: Technical solution’s system 
It analyses the narrow weaving machine parameters with the aim to:  
• Development for the let-off and take-up devices of the narrow weaving machine. 
• Theoretical analysis for the required forces for different movements on the weaving 
machine and compared it later with the actual forces according to the results of slippage 
strength forces for the experiments samples in chapter 6.  
Chapter 6: Experimental work 
It involves the experimental works which are: 
• Development of the spacer fabric structures with a view to define the best structural 
elements for spacer fabric. 
• Weaving experiments for the suggested structures to determine its elements. 
• Weaving of experiments for the spacer fabric, modification of the adjustment of the 
machine parameter and also enhancement of the structure elements of the spacer fabric.  
• Laboratory tests for the slippage strength of the woven experiments.   
• Statistical analysis for the results. 
Chapter 7: Results and discussions 
It represents: 
• Discussions of the research results by which the aims of research have to be achieved.  
• Process security to secure the qualification and safety of the spacer fabric weaving 
process.   
• Product quality to secure the quality of the woven spacer fabrics. 
• Translation of production method on the wide weaving machine to weave wider spacer 
fabric.      
Chapter 8: Summary and outlook 
It exhibits: 
• Summery of research results.  
• The utilized references. 
Appendix  
• Figures and tables of experimental work and statistical analysis. 
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2.1 Classification of reinforcement structures 
Composite materials are constructed of two or more materials, commonly referred to as 
constituents, and have characteristics derived from the individual constituents. Depending on 
the manner in which the constituents are put together, the resulting composite materials may 
have the combined characteristics of the constituents or have substantially different 
properties than the individual constituent /2/. 
Classification of textile reinforcement structures can be done in several ways depending on 
the preform structure's parameters. It has listed several variables for classification of textile 
structures. They are dimension (1, 2, or 3), direction of reinforcement (0, 1, 2, 3, 4, . . .), fiber 
continuity (continuous, discontinuous), linearity of reinforcement (linear, non-linear), bundle 
size in each direction (1, 2, 3, 4,. . .), twist of fiber bundle (no twist, certain amount of twist), 
integration of structure (laminated or integrated), method of manufacturing (woven, 
orthogonal woven, knit, braid, nonwoven), and packing density (open or solid). Fukuta et al. 
classified textile structures based on fiber/yarn axis and dimension of the structure as shown 
in Fig. 2.1 /9/. 
The fabric requirements for composite applications are dimensional stability, conformability 
and mold ability. Three dimensional 3D-fabric structures were developed within the last two 
decades to withstand multi-directional mechanical stresses and thermal stresses. 3D-
structures also improved interlaminar strength and damage tolerance significantly /9/.  
2.1.1 Fiber-reinforced composites 
Fiber-reinforced composites (or fibrous composites) are the most commonly used form of the 
constituent combinations. The fibers of such composites are generally strong and stiff and 
therefore serve as the primary load-carrying constituent. The matrix holds the fibers together 
and serves as an agent to redistribute the loads from a broken fiber to the adjacent fibers in 
the material when fibers start failing under excessive loads. This property of the matrix 
constituent contributes to one of the most important characteristics of the fibrous composites, 
namely, improved strength compared to the individual constituent /1/.   
Woven fabrics that are used in composites can be grouped as two-dimensional (2-D) and 
three dimensional (3-D) structures. 2D-weaving is a relatively high-speed economical 
process. However, woven fabrics have an inherent crimp or waviness in the interlaced yarns, 
and this is undesirable for maximum composite properties /10/.  
In 2D-structures, yarns are laid in a plane and the thickness of the fabric is small compared 
to its in-plane dimensions. Single layer designs include plain, basket, twill and satin weaves 
which are used in laminates. Two-dimensional woven fabrics are generally anisotropic, have 
poor in-plane shear resistance and have less modulus than the fiber materials due to 
existence of crimp and crimp interchange. Reducing yarn crimp in the loading direction or 
using high modulus yarns improves fabric modulus. To increase isotropy, in-plane shear 
rigidity and other properties in bias or diagonal direction, triaxially woven fabrics are 
developed in which three yarn systems interlace at 60° angles as shown in Fig. 2.2. Other 
mechanical properties required in relation to different loading conditions are: through 
thickness stiffness and strength properties, enhanced impact resistance, fatigue resistance, 
dimensional stability, fraction thickness, damage tolerance, and subtle conformability /9, 11/.
 
 
                  Axis
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1 
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Laminate type H or I Beam /16/ Honeycomb type Integral throat exit for 
nuclear missile /17/ 
Fig. 2.1: Classification of textile reinforcement structures based on axis and dimension /9/  
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In 3D-fabric structures, the thickness or Z-direction dimension is considerable relative to X 
and Y dimensions. Fibers or yarns are intertwined, interlaced or intermeshed in the X 
(longitudinal), Y (cross), and Z (vertical) directions. For 3D-structures, there may be an 
endless number of possibilities for yarn spacing in a 3-D space.  
 
 
Fig. 2.2: Triaxial weaving /9/ 
3-D fabrics are woven on special looms with multiple warp and/or weft layers. Fig. 2.3 shows 
various 3D-Woven structures. In polar weave structure, fibers or yarns are placed equally in 
circumferential, radial and axial directions. The fiber volume fraction is around 50%. Polar 
weaves are suitable to make cylindrical walls, cylinders, cones and convergent-divergent 
sections. To form such a shape, prepreg yarns are inserted into a mandrel in the radial 
direction.  
 
 
 
5-Direction construction Polar weave Orthogonal weave 
Fig. 2.3: Schematics of various 3D-woven fabric structures for composites /14/ 
Circumferential yarns are wound in a helix and axial yarns are laid parallel to the mandrel 
axis. Since the preform lacks the structural integrity, the rest of the yarns are impregnated 
with resin and the structure is cured on the mandrel. Polar weaves can be woven into near-
net shapes. A near-net shape is a structure that does not require much machining to reach 
the final product size and shape.  Since fibers are not broken due to machining, net shapes 
generally perform better than machined parts.  
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In orthogonal weave, reinforcement yarns are arranged perpendicular to each other in X, Y 
and Z directions. No interlacing or crimp exists between yarns. Fiber volume fraction is 
between 45 and 55 percent. By arranging the amount of yarn in each direction, isotropic or 
anisotropic preform can be obtained.  
Except for the components that are fundamentally Cartesian in nature, orthogonal weaves 
are usually less suitable for net shape manufacturing than the polar weaves. Unit cell size 
can be smaller than polar weaves which results in superior mechanical properties. Since no 
yarn interlacing takes place in polar and orthogonal structures, they are also referred to as   
´´nonwoven 3-D`` structures in the composites industry. However, it is more proper to label 
these structures as woven structures with zero level of crimp.   
In angle interlock type of structures, warp (or weft) yarns are used to bind several layers of 
weft (or warp) yarns together as shown in Fig. 2.4. In place of warp or weft yarns, an 
additional third yarn may also be used as binder. Stuffer yarns, which are straight, can be 
used to increase fiber volume fraction and in-plane strength. If the binder yarns interlace 
vertically between fabric layers, the structure is called orthogonal weave. 
 
 
 
 
 
 
                          Fig. 2.4 Fig. 2.5 
Fig. 2.4: Angle interlock fabric; (A) with and (B) without added stuffer yarns /9, 18/.      
         Fig. 2.5: Schematic of King's 3-D machine /9, 19/ 
Angle interlock or multi-layer fabrics for flat panel reinforcement can be woven on traditional 
looms, mostly on shuttle looms. The warp yarns are usually taken directly from a creel. This 
allows mixing of different yarns in the warp direction. Other more complex 3D-Fabrics such 
as polar and orthogonal weaves require specialized weaving machines. Several weaving 
machines were developed to weave complex 3D-structures as illustrated in Fig. 2.5. 
Multilayer weaving into a three-dimensional preform consists of interlocking warp yarns in 
many layers. Whereas in conventional weaving all of the warp yarns are oriented essentially 
in one plane, in the structure.   
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A typical step for weaving a multilayer preform includes two, three, or more systems of warp 
yarns and special shedding mechanism that allows lifting the harnesses to a many levels as 
the number of layers of warp yarns. By this weaving method, various fiber architectures can 
be produced, including solid orthogonal panels, variable thickness solid panel, and core 
structures simulating a box beam or truss-like structure /20/. 
The most widely used materials in 2D- or 3D-weaving are carbon/graphite, glass, and 
aramid.  Any material that can be shaped as a fiber can be woven into preforms, more or 
less complicated. Woven preforms can be made of a single type of fiber material or different 
fiber and yarn materials can be used as a hybrid structure. Due to the nature of woven  
structure geometry and weaving process, when selecting a fiber for weaving or for any other  
textile manufacturing process, fiber brittleness and bending rigidity need to be considered. 
For example, carbon and graphite fibers, which account for 90% of all 3D-woven preforms, 
are prone to break and fracture during weaving. Fig. 2.6 shows preform and composite 
samples made of carbon fibers.   
 
Fig. 2.6: Woven 3D-preform and composite samples made of carbon fibers /9/. 
2.1.2 Prepreg 
A prepreg is a textile structure that is impregnated with uncured matrix resin. There are 
various forms of prepregs such as unidirectional and multi-directional tape prepregs and 
woven fabric prepregs. Common fibers that are used for prepregs are carbon, fiberglass and 
aramid. Fig. 2.7 shows a schematic of a typical prepreg machine for unidirectional tape 
prepreg. Fibers are wound and collimated as a tape. The matrix resin is heated to reduce 
viscosity and dispersed on the fibers. The prepreg is calendered for uniform thickness. 
Prepregs are suitable for hand and machine lay-up. Fig. 2.8 shows uni- and multi-directional 
lay-ups. Increasing the number of oriented plies increases the isotropic strength. Four ply 
directions, i.e., 0o/90o/+45o/-45o orientations are considered to be sufficient for isotropic 
properties. 
Woven fabric prepregs are widely used in composite manufacturing. Hot melt or solvent 
coating processes are used to prepreg the fabrics. The hot melt process is similar to 
prepregging unidirectional tapes. In solvent coating, fabric is chemically compatible with the 
reinforcement; material and should not deteriorate the mechanical properties of the 
interphase between reinforcement and matrix /9/. 
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Fig. 2.7: Schematic of a prepreg machine /9/ 
 
 
 
 
 
 
Fig. 2.8: Uni- and multi-directional lay-ups /9/ 
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2.2 The traditional methods of weaving 3D-fabrics 
2.2.1 Pleated fabrics (Plissé)  
Pleated or wrinkles effect in a fabric in the longitudinal or cross-direction or in diagonal 
direction as well as figure like folds, one describes these fabrics as pleated fabric or Plissé 
/21, 22/. 
The fabric formation includes 3 phases:- 
• Middle fabric ‘inter-fabric’ weaving, 
• Pleated length weaving, 
• Formation of wrinkles. 
Smooth pleated fabrics can be achieved by suitable folds structures as shown in Figs. 2.9, 
2.10 which are more permanent than the wrinkles created afterward by pressing and fixing 
methods. Wrinkles can be achieved on one side or both sides of pleated fabrics. A ground 
warp needs to be much longer than tight warp as illustrated in Fig. 2.10, which must be more 
tensioned. For this reason, it is used two warp beams in the weaving machine and the 
weaving machine must be supplied with a special device /22, 23/.  
 
Fig. 2.9 Fig. 2.10 
                          Fig. 2.9: The appearance of a smooth pleated fabric /22/ 
                          Fig. 2.10: The appearance of a tough pleated fabric /22/ 
Woven pleated fabrics 
Wash proof pleated fabrics usually need to have more than 50% synthetic fibers such that 
the pleats do not fall out during wearing or washing. Pure cotton and wool fabrics also can be 
made pleated by applying synthetic resin finishes. It is now also possible to make permanent 
pleats during weaving without synthetic fibers or finishing /23/. 
It is expected that the relative cover of fold fabric less than inter-fabric, as the result of the 
interlacing between all warp yarns ‘‘ground and tight’’ and wefts in inter-fabric, on the other 
side the interlacing in fold fabric is just between the ground warp and wefts. The length of the 
inter-fabric must not be shorter than the half length of fold fabric, because the folds must not 
be overlapped with each other. Fig. 2.11 illustrates cross-section in weft direction for the 
formation phases of a pleated fabric as follows: 
  A. Pleated fabric structure, the warp threads are arranged 1 ground yarn: 1 tight yarn, 
  B. Before the formation of wrinkles, 
  C. After the formation of wrinkles. 
Points a and b represent the positions of the back rest and breast-beam (see Fig. 3.1, page 
22).  
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Fig. 2.11: Cross-section in weft direction for the formation of pleated fabric /22/. 
2.2.2 Terry Fabrics 
The terry pile is a class of warp pile structure in which certain warp ends are made to form 
loops on the surface of the fabric. The loops may be formed on one side only or on both 
sides of the fabric thus producing single-sided and double-sided structures as shown in Fig. 
2.12, 2.13 respectively. A high tension is applied to a ground warp and a very low tension to 
a pile warp /22, 26/. 
In traditional terry weaving, by means of a special device on the weaving machine, two picks 
are inserted at a variable distance ‘‘the loose pick distance’’ from the fabric fell. the two picks 
are beaten up short of the true fabric fell and produce a temporary false fell as indicated 
schematically in Fig. 2.12A and B. The loose pick distance is varied according to the desired 
loop height. On the third pick of the group full beat-up takes place the three picks being 
pushed forward together to the true fell position.  During this action the three picks are 
capable of sliding between the ground ends, which are kept very taut, as depicted in Fig. 
2.12C, D and E /24,25/. 
 
 
 
 
 
   A.  1st. temporary false fell 
B.  2nd temporary false fell  
C.  3rd pick of the group 
   D. Whole group is pushed into  
         the fell point  
E.  Full beat-up 
 
 
 
Fig. 2.12: Phases of the pile formation on terry weaving machine /22/ 
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It can be therefore determined some principles: 
1. The smallest wefts group is three wefts. 
2. The pile yarns must be always intersected with the second weft of the wefts group. 
3. The warp shedding must be closed during beating-up of the third pick /22/. 
The exact relation of the weft to the two warps and the principle of loop formation is depicted 
by means of the weft section in Fig. 2.13. The broken vertical lines CC, DD, and EE divide 
the first, second and third picks into repeating groups of three, line EE indicating the position 
of the fell of the fabric. On the right of the diagram, a group of three picks, which compose a 
repeat, is represented previous to being beaten up to the fell of the fabric. The ground 
threads G1, G2 , and the face and back pile threads P1 and P2 are shown connected by lines 
with the respective spaces in the corresponding weave given in Fig. 2.13. In weaving the 
fabric the group warp beam carrying the threads G1 and G2, is heavily tensioned. As stated 
earlier so that these threads are held tight all the time. The picks 16 and 17 are first woven 
into the proper sheds, but are not beaten fully up to the fell of the fabric at the time of 
insertion in their sheds; but when the pick No. 18 is inserted the mechanisms are so 
operated that the three picks are driven together into the fabric at the fell EE. During the 
beating up of the third pick the pile warp threads P1 and P2 are either given in slack, or are 
placed under very slight tension /22, 25/. 
 
 
 
 
 
 
 
 
 
 
 
The picks 16 and 17 are in the same shed made by the tight ground threads G1 and G2, 
which, therefore, offer no obstruction to the two picks being driven toward at the same time 
with the third pick. The pile threads P1 and P2, on the other hand, change from one side of 
the fabric to the other between the picks 16 and 17, and they are, therefore, gripped at the 
point of contact with the two picks. As the three picks are beaten up this point of contact is 
moved forward to the fell of the fabric with the result that the slack pile warp threads are 
Fig. 2.13: Structure of three-pick terry, pile on both sides /22, 25/ 
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drawn forward and two horizontal rows of loops are formed one projecting from the upper 
and the other from the lower surface of the fabric in the manner represented in Fig. 2.14. 
Setting of shedding level of the pile and ground shafts is shown in Fig. 2.15. 
 
 
 
 
 
G1: 
G2: 
P1: 
P2: 
F: 
L: 
 
The first Ground yarn  
The second Ground yarn
Face pile yarn    
Back pile yarn   
Fast pick  
Loose pick   
 
 
 
 
 
 
Fig. 2.14 Fig. 2.15 
                    Fig. 2.14: Diagram of three-pick terry design, pile on both sides. 
Fig. 2.15: Setting of shedding level of the pile and ground shafts /22/ 
2.2.3 Double-layer fabrics produced on the face-to-face principle 
Face-to-face weaving represents an alternative method of manufacture of the cut warp 
fabrics in which two fabrics are woven simultaneously and the pile is produced without the 
aid of wires. Two separate ground fabrics with a space between them, each with its own 
warp and weft, are woven on the unstitched double fabric principle, while the pile warp 
threads interlace alternately with the picks of both fabrics and thus are common to both. The 
distance between the ground fabrics is regulated according to the required length of pile and 
as the textures pass forward the pile threads extending between them are cut by means of a 
transversely reciprocating knife during the weaving process. Upper fabric is thus formed the 
lower fabric with the pile facing up, and the upper fabric with a similar pile facing down. The 
fabrics pass in contact with separate take-up rollers and are wound on two fabrics. Fig. 2.16 
illustrates double-layer fabrics produced on the face-to-face principle /22, 25/. 
 
 
              
Ground shaftsPile shafts 
P1
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Fig. 2.16: Double-layer fabrics produced on the face-to-face principle /22/ 
2.3 Composite materials   
Historically, the applications of composite materials that can afford the performance 
advantages have been restricted to aerospace development. Recently, these materials have 
been finding increased usage in more commercial applications. They have replaced metals 
and metal alloys successfully in many applications including automotives, aerospace, 
electronics, military and recreation. Due to the availability of heavy weight fabrics-
reinforcements, and the subsequent reduction in lay-up labor, 3D-fabrics can reduce the cost 
of finished composite structure /27/.   
The increasing interest and use of textile composites, particularly 3D textile composites, is 
attributed to two factors:  
1. Improved performance due to controlled fiber distribution; and 
2. Lower cost through the use of automated textile processing equipment /9, 25/. 
• Reinforcement materials 
The selection of material for composites-manufacturing was based upon four principal 
criteria: weight, stiffness, strength, and cost. For continuous fiber composites, fiber material 
has a great effect on composite properties. For primary and secondary load bearing 
applications, high modulus fibers and yarns must be used in textile reinforcement structures. 
High modulus materials have very low extensions under high stresses. The mechanical 
properties of woven fabric composites have a very strong dependence upon the reinforcing 
yarn geometry, it is essential to create a geometric concept or scheme for describing the 
fiber architecture. Furthermore, the fiber chosen for producing the three-dimensional fabrics 
had to meet the property requirements necessary for high performance composites. These 
properties included low density, high tensile strength and good impact resistance. The most 
commonly used fiber materials in textile reinforcement structures are fiberglass, carbon and 
aramid fibers which are high modulus materials. They are usually stiffer and more brittle than 
traditional textile materials which may require some modification in textile processing /28, 
29/.  
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• Glass fibers 
Glass fibers are widely used in textile composites due to relatively low cost and good 
performance. It has a very good tensile strength. Especially if it is made thinner, the strength 
per unit cross section becomes greater. It is 10-20 stronger than the steel wire of the same 
thickness. Its break elongation is 3.5-4 percent. It does not absorb moisture at all and so its 
tenacity does not change due moisture absorption. It is also a strong acid resistant and alkali 
resistant and has great electrical insulation properties /30/. 
Among the glass fibers, E-glass and S-glass are the most widely used materials in textile 
composites. E-glass is used in electronic boards be cause of its good electrical properties, 
dimensional stability, moisture resistance and lower cost. S-glass has higher tensile strength, 
high elastic modulus and better thermal stability but it is also more expensive. Therefore it is 
used in advanced composites where cost-performance benefits can be justified. Fig. 2.17 
illustrates a comparison between stress-strain curves of glass fiber and other various fibers 
/31/. 
 
Fig. 2.17: Stress-strain curves of various fibers /32/ 
• Carbon fibers 
Carbon fibers are produced by heat treatment of organic precursors such as nylon, 
polyacyrlonitrile (PAN) and pitch. Carbon fibers have the highest modulus and strength of all 
reinforcing fibers at both room and high temperatures /1/.  
The specific gravity of carbon fiber is 1.5-1.6 g.cm-3 and it is lighter than Asbestos or Glass 
fiber. It has excellent tensile strength, heat resistance, electric conductivity and chemical 
resistance. Therefore, using its strength, it is put in the core of polyester resin molds as a 
reinforcing material. It is also used as heat insulating material in high heated parts, filter 
material of corrosive gases or liquids for packing. Apart from this, it is also used as material 
for special utility components, demanding, physicochemical high performance fibers. 
However, even today the cost is high and so it is mainly used for components of aviation 
machines, space rockets and atomic devices and for golf, club, shaft and fishing rods etc. If 
this is to be used in fabric form, it becomes carbonized after spinning /30/. 
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• Aramid fibers 
Aramid fiber is the generic name of organic aromatic polyamide fibers. Perhaps the most 
widely known aramid fiber is Kevlar® produced by DuPont. There are several versions of 
Kevlar® used in textile structural composites; Kevlar® 29 is used for high toughness, good 
damage tolerance and crash protection. Kevlar has high modulus and is the most widely 
used aramid in composites. Kevlar® 149 has ultra-high modulus. There are several other 
aramid fibers in the market including Twaron from Teijin Twaron GmbH, Nomex® from 
DuPont and HM40 from Teijin of Japan. Aramid fibers are especially suitable in applications 
that require high tensile strength-to-weight ratio such as missiles, pressure vessels and 
tension systems. Aramid fibers are available in various forms including continuous filament 
yarns, rovings, staple and textured yarns, woven and nonwoven fabrics. Aramid fiber is also 
used in production of reinforced thermoplastics, as commingled yarns or hybrid yarn or 
fabric, suitable for high drapability and coping with very sharp fillet radii, and specialty tires 
/33/. 
• Other fibers 
Boron fibers are used in epoxy, aluminum, or titanium matrices. The resulting composites 
have high strength-to-weight ratio, and good compressive strength. Spectra® from Allied 
offers very high tensile strength and stiffness and the lower specific density; however, the 
melting temperature is relatively low /9/. 
• Matrix materials 
Matrix material in a composite system serves several purposes. Matrices bind fibrous 
materials together and hold them in particular positions and orientations giving the composite 
structural integrity. They serve to protect fibers from environmental effects and handling. The 
matrix system transfers forces acting on the boundaries of composites to the fibers. Matrices 
also help to strengthen the composite structure. The reinforcement material and resin must 
be compatible for good penetration and bonding. Both thermoset and thermoplastic resins 
are used as matrices in textile structural composites /9/.   
2.4 Technical basic principles for new 3D-textile structures (selected samples) 
2.4.1 3D-weaving process by using multiple filling layers at one time 
3tex company has developed textile processes as a new form of 3D weaving being 
commercialized under the trademark 3WEAVE™. With completely controlled and tailorable 
fiber orientations in the X, Y and Z directions, the ability to weave aramid, carbon, glass, 
polyethylene, steel fibers, etc. and any hybrid combination, thickness up to 25.4 mm, width 
up to 1830 mm and the ability to make net shapes, an almost infinite number of 3WEAVE 
materials are possible with a tremendously wide range of performance.  
The innovation of the patented 3Weaving™ process is that multiple fillings are inserted from 
one or both sides at the same time in one weaving cycle, thus building the 3D thick fabric 
with multiple insertion “three dimensional” weaving. By having not one, but multiple warp 
layers fed from the back of the machine, and inserting multiple filling layers at one time, an 
increment of thick fabric is formed with every weaving cycle. One set of yarns feed from the 
back of the machine through harnesses wind up oriented in the Z or thickness direction and 
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are called Z-yarns. In 3Weaving™ there are multiple warp layers, and thus multiple shed 
openings for the multiple filling yarns. The resulting fabric structure is free of crimp internally.  
Fig. 2.18 shows views of the 3Weaving™ process and the multiple layers and sheds 
(openings between the layers where filling is inserted). It is the multiple insertions from both 
sides, combined with multiple Z-yarn sets that allow the formation of net shapes /10/. 
 
 
Fig. 2.18: Schematics of 3D-weaving process /33/    
 
Multiple filling insertions at one time, 3D-fabric formed by 3D process, no crimp in warp and 
filing yarns, thick fabrics with less fiber damage as shown in Fig. 2.19 /35/. 
Preforms made by the 3WEAVE™ process provide several important advantages in 
composites fabrication. The most obvious advantage of this material shows in manufacturing 
thick composites, owed to a dramatically reduced labor time, when multiple layers of 2D-
fabric plies are replaced by one or few number of 3WEAVE plies to obtain the required 
thickness in a composite structure. In many cases, a single 3WEAVE layer can replace 
multiple 2D-layers. Examples of thick carbon composites made from this material are shown 
in Fig. 2.20 /10/. 
 
                     
Fig. 2.19                                                                         Fig. 2.20 
        
      Fig. 2.19: 3D-weaving schematic /35, 36/. 
Fig. 2.20: Composite block and component made from 3WEAVE™ carbon fabric /10/. 
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2.4.2 Weaving process for double-wall fabrics 
Girmes double-wall fabrics are produced as totally integrated units they consist of two fabric 
layers separated by a woven-in system of threads. The thread-linking system produces an 
extremely strong connection between the two fabric layers as shown in Fig. 2.21 and 
stabilizes the hollow structure once it has been filled. It also ensures a dimensionally-stable 
surface. Even under heavy load there is no bulging or twisting. The double- wall fabrics are 
produced with linking threads of up to 1000 mm. Side wall fabrics can be specially chosen to 
suit particular applications, enabling the strongest hollow structures to be made up in any 
desired form /37/. 
 
 
Fig. 2.21: Girmes double-wall fabrics on the weaving machine /37/ 
Double-wall fabrics are available with a wide range of different characteristics, for example 
high strength, burstable at a predetermined load, elastic, permeable in one direction, 
impermeable. Insulating, flameproof, permanently, resistant to concrete, heat and chemicals, 
rot proof and further characteristics can be obtained by appropriate design. 
Girmes has developed a special version for each new application. The product features can 
be varied by means of four separate factors: The material, the fabric construction, the thread-
linking system and the finish. 
Double-wall fabrics are primary suitable for filling or working in contact with air, gases, gels, 
liquids as a filter, sand for sound insulation (as showed in Fig. 2.22), soil, and setting 
materials such as concrete or plastics. On the plastics side, a further possibility is composite 
materials reinforced with double-wall fabrics thermoformed under pressure /37/. 
 
                           
         Sound insulation by filling it with sand /37/                                  Filter /38/ 
 
Fig. 2.22: Some applications for double-wall fabrics 
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2.4.3 3D-warp knitted fabric structures  
Cement-based materials, such as Portland cement pastes, mortars and concretes are brittle 
in nature, with high compressive strength and low tensile strength and toughness. Therefore, 
the use of these materials in practice involves their combination with reinforcement, either as 
steel rods in conventional reinforced concrete or with fibers in special components of fiber 
reinforced cements and concretes. It was found that fabrics of adequate geometry could 
improve the mechanical performance of cement composites to a greater extent than that 
obtained with straight yarns not in a fabric form, due to increased fabric-cement bond by 
mechanical anchoring. Such mechanical anchoring is provided by the structure of the fabric 
and the geometry of the yarn in the fabric.  
The machine used to produce the fabrics is a two needle bar raschel machine, on the basis 
of a Karl Mayer model HDR 6-7 DPLM. This machine was additionally modified by Cetex 
Textilmaschinenentwicklung GmbH, Germany. A schematic cross-section of the machine 
concept is presented in Fig. 2.23. The fabrics produced with this machine are made from 
straight yarns in the warp direction (lengthwise) which are inserted into stitches and 
assembled together with straight yarns in the weft direction (crosswise). In both directions of 
the fabric (x and y) the yarns are straight, referred here as 0° for the straight warp yarns and 
90° for the weft insertion yarns /39/. 
 
 
Fig. 2.23: Cross-section of machine concept /39/ 
3D-fabric types were produced, having yarns at the x, y directions (0° and 90° as well as at 
the z direction (along the thickness of the fabric). In this fabric the spacer yarns (along the 
fabric thickness) are having a length of 20 mm each through the entire fabric, as presented in 
Fig. 2.24. 
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Fig. 2.24: 3D-spacer fabric made in a one-step-process /37, 38/ 
3D fabric (Fig. 2.24) are made from AR glass yarns at the 0° and 90° directions having 2400 
tex covered with PP staple yarns. The warp knitting yarns (stitches) were made from 
polyester (PES) multifilament with 16.9 tex. The yarns along the thickness of the fabrics      
(z-direction) are made from PES monofilament with a diameter of 0.3 mm. The density of 
needles used for the production of this fabric was 6 per inch (E6) /39/. 
2.4.4 3D-stitching structures  
Stitching is a similar process to knitting except that it results in reinforcement properties in 
the Z direction of the finished parts. The reinforcing thread material used to hold the plies or 
preforms together can be virtually any fiber that will endure the sewing process. The 
operation involves stitching the dry or prepreg laminates together using needle and thread. 
Types of stitches used, either lockstitch or chainstitch, is shown in Fig. 2.25. The most 
important difference between the two stitch types is that a chainstitch is susceptible to 
unraveling and a lockstitch is not. This difference is very important if there is any handling of 
the product prior to the final molding and the possible unraveling of stitches would prove 
detrimental to the final product. 
A lockstitch requires significantly less tension during the stitch formation than a chainstitch. 
This factor is important to stitched laminate because too much tension could detrimental to 
the laminate strength capability in X or Y direction /40/. 
 
 
Fig. 2.25: Stitching operations /40/ 
B. Stitched composite 
A. Type of stitching
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3 Manufacturing’s technology of 3D-fabrics 
3.1 Main methods for the production of pleated fabrics (Plissé) 
The weaving machine of pleated fabrics must be equipped with two warp beams in addition 
to a device for displacement of the woven pleated fabric, or with variable beating up. 
3.1.1 Weaving machine equipped with a special pleated device 
At the beginning of this method both returning elements ‘back rest and breast-beam’ take the 
most far on the right lying position as illustrated at point A in Fig. 3.1 When the intended folds 
length is reached, they are farther on the left (B). The distance between the two limit points A 
and B is determined by the fold length. 
After the last weft insertion within the fold length and with beginning of the next inter-fabric 
part, the pleated length is formed by returning back of the back rest and breast-beam into the 
starting position (A), at that moment the back rest pull the tight warp to the back position (A). 
 
Fig. 3.1: Device for pleated fabrics weaving /22/ 
 
The coordination of pleated fabric and take-up mechanism are shown in Fig. 3.2. The height 
of the formed fold is equal to about half of the fold length before the backward-movement of 
the tight warp yarns /22, 41/.   
 
 
Fig. 3.2: Movement coordination of pleated fabric and take-up device /22/ 
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3.1.2 Weaving machine equipped with a fabric displacement device  
This method represents a wrinkles formation for the pleated fabrics on the weaving machine; 
it is somewhat old method as shown in Fig. 3.3. During the insertion of wrinkle wefts, the 
take-up device is stopped, at the same time, the fabric is held under tension by the bar 4 
parallel to the breast-beam. This bar 4 is moved over the linkage 5 in direction of arrow. 
This movement is produced on the weaving machine supplied with a dobby device as 
follows: By means of the chain 6 the shift lever 7 is raised, whereby over the pawl 8 the 
ratchet gear 9 is turned around a certain amount. The change gear 9 is connected firmly with 
crank 10, at which sits the linkage 5.  The ratchet gear 9 is secured by the pawl 11. 
During this procedure the ground warp is let off.  When the fold weaving is finished, the string 
12 and the lever 13 therefore are raised by the dobby, and the slay 14 with the base 15 takes 
with its movement the hook-base of the lever 13 and the lever 16, whereby both pawls 8 and 
11 are moved at the left side over the pin 17 and 18 at them. 
Now the rectangular lever 19 standing under feather-tension withdraws the ground fabric as 
well as tight warp so that the pleat is formed, and hereby the ground fabric can be woven 
without interruption /26/. 
                                                          
   Fig. 3.3:  Weaving of pleated fabrics with variable beat-up of the slay   
   Fig. 3.4:  Weaving of pleated fabrics by a shortening and lengthening of crank rod 
In Fig. 3.4 the possibility of the formation of wrinkles on the weaving machine is represented 
by a shortening and lengthening of crank rod. During the fold weaving the string 1 and 2, 
which is controlled by dobby device, is lowered during this device. The activated-pawl 3 and 
the ratchet retaining-pawl 4 are in the engagement. The pawl 3 activates the ratchet gear 5 in 
the clockwise direction. Thus the bearing point 6 of the linkage 7 connected firmly with the 
ratchet gear is pushed upward, and the out-breakable crank shears 8 are expenditure-broken 
around a small bit, which means a shortening of the slay. The supporting rocker 9 is movable 
free on the shaft 10. When the ground fabric is to be woven, then the pawls 3 and 4 are out 
of contact with ratchet gear 5, and the linkage 7 is pulled by the spring 11 up to the attack on 
the support bearing 12, by what the maximum beating-movement is achieved again /41/. 
 
 
 
 
Fig. 3.3 /41, 42/   Fig. 3.4 /41/ 
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3.2 Main methods for the production of terry fabrics  
The production of terry fabrics is a complex process and is only possible on specially 
equipped weaving machines. Terry weaving machines are constructed so as to impart a loop 
to warp yarns via weft yarns which are beaten up at a beating-up station to form a fabric. 
Two warps are processed simultaneously, the ground warp, with tightly tensioned ends and 
the pile warp, with lightly tensioned ends. In general, the reed has two beat-up positions 
which do not impose alternative movements to the warp, fabric and various components of 
the weaving machine. Special weaving methods enable loops to be performed with the lightly 
tensioned warp ends on the fabric surface /43, 44/ 
Those methods are divided into two mains methods as follows:                                                  
• Reed control mechanism 
• Fabric control mechanism. 
3.2.1 Weaving machine equipped with the reed control mechanism 
Reed control mechanism must be used to vary the stroke of the reed to effect partial beat-up 
of certain picks of weft and full beat up of other picks of weft. Reciprocating motion is applied 
to a lay beam on which the reed is mounted by a crank arm whose motion is driven by a 
rotatable driving element. The rotatable driving element is coupled to the crank arm through 
a mechanical linkage which includes a pneumatic or hydraulic cylinder. The pneumatic or 
hydraulic cylinder serves to shift the arc of the reed so as to effect partial beat up of certain 
picks of weft and full beat up of other picks of weft. 
Figures 3.5A and b illustrate a reed control mechanism generally indicated by numeral 1. The 
reed control mechanism 1 serves to control the reciprocating motion of the reed 2 which is 
mounted on a lay beam 3. Although not indicated in the figures, the reed 2 and the lay beam 
3 extend substantially across the width of the loom. Reciprocating motion is imparted to the 
reed 2 and the lay beam 3 by a reciprocating motion imparting means here shown as a crank 
arm 4 which reciprocates about a lay shaft 5. Generally, crank arm 4 is located near the 
center of the lay beam 3 and the reed 2. The reciprocating movement of the crank arm 4 is 
driven by a driving element or crank 6 which as shown preferably rotates in the clockwise 
sense about a shaft crank 7 that is mounted on the loom and extends parallel to lay beam 3 
and lay shaft 5. The crank 6 is connected to crank arm 4 through a mechanical linkage 8 
which includes a pair of spaced apart longitudinal links 9 and 10 and an interposed 
adjustable member here shown to be a pneumatic piston-cylinder 11 for controlling the 
spacing between the longitudinal links 9, 10 and thus the length of the mechanical linkage 8. 
Of course, the adjustable member may be a hydraulic piston-cylinder instead of pneumatic 
piston-cylinder 11 or any other such member, such as, for example, an electromagnetically 
controlled piston-cylinder. 
Longitudinal element 9 which is fastened to the piston-rod 12 of the cylinder 11 is pivotally 
connected to the crank 6 by axle 14. Similarly, longitudinal element 10, which is fastened to 
the base end 13 of the cylinder 11, is pivotally connected to the crank arm 4 by axle 15. A 
pressure medium, here shown as compressed air is connected to the cylinder 11 near the 
base 13. In the Figures, this connection is shown in a schematic manner only, the actual 
structure being well within the skill of the ordinary worker. The flow of the compressed air 
from diagrammatically illustrated standard pressure vessel 16 is controlled by 
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diagrammatically illustrated standard timing circuit 18. When the pressure medium stored in 
vessel 16 enters the cylinder 11, near the base 13 through diagrammatically illustrated inlet 
19, the piston-rod 12 is forced outward from the cylinder thereby extending the effective 
length of mechanical linkage 8.  
 
A pressure medium, here shown as compressed air is also connected to the cylinder 11 near 
end 17. The flow of compressed air from diagrammatically illustrated standard pressure 
vessel 16' into the cylinder 11 through diagrammatically illustrated inlet 19' is regulated by 
diagrammatically illustrated standard timing circuit 18'. When compressed air enters the 
cylinder 11 near end 17, the piston rod 12 is forced inward, thereby shortening the effective 
length of the mechanical linkage 8. 
As previously indicated, the reed control mechanism 1  is intended to enable the reed to 
perform a three pick terry cycle which involves partial beat up of the first two picks of weft 
followed by full beat up of the third pick of weft. The workings of the inventive reed control 
mechanism 1 can be understood by considering its operation during a single three pick cycle 
which corresponds to three rotations of the crank 6, one for each pick. Operation of the reed 
control mechanism 1 during the first two picks is shown in Fig. 3.5A, and operation of the 
reed control mechanism 1 during the third pick is shown in Fig. 3.5B. 
  
D C B A 
14, 15 Axles 
16, 16' Pressure vessel  
17 End 
18, 18' Timing circuit  
20 Nut  
 
7 Shaft crank 
8 Linkage 
9, 10 Longitudinal links 
11 Pneumatic piston-cylinder 
12 Piston-rod  
13 Base end  
1 Reed control mechanism 
2 The reed 
3 Lay beam 
4 Crank arm 
5 Lay shaft 
6 Crank 
Fig. 3.5: Reed control mechanism /45/ 
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Starting from an arbitrary initial position of the reed 2 and associated reed control mechanism 
1 which is shown in phantom in Fig. 3.5A, as the driver element 6 rotates in the clockwise 
direction about the shaft crank 7, the reed 2 is driven leftward in an arc. The leftward most 
position of the reed 2 is indicated by position A in Fig. 3.5A. At this time, the orientation of the 
associated reed control mechanism 1 is shown in Fig. 3.5A. As the reed moves leftward 
through the arc, it carries with it a pick of weft (not shown). As the crank 6 continues in its 
clockwise rotation returning reed 2 and associated reed control mechanism 1 to the initial 
position shown in Fig. 3.5B, the reed 2 moves rightward through its arc leaving the pick of 
weft behind at position A. Note that position A is separated from the fell of the fabric whose 
location is schematically illustrated by position B. Thus, there has occurred partial beat up of 
the first pick of weft. Upon a second rotation of the crank 6, another pick of weft is positioned 
near position A. 
Illustratively, as shown in Fig. 3.5B, at the start of the third rotation of the crank 6, the piston 
rod 12 of the cylinder 11 starts to extend outward, thus lengthening the mechanical linkage 8 
and causing the arc of the reed 2 to shift leftward in an arc. The leftwardmost position of the 
reed 2 is indicated by Fig. 3.5A. As the reed 2 moves leftward through its arc the third pick of 
weft as well as the first two picks of weft which were previously positioned at A are positioned 
at position B. Position B is the leftward most position of the reed 2 as it moves through its arc 
and generally corresponds to the fell of the fabric. When the reed 2 reaches position B, the 
corresponding orientation of the reed control mechanism 1 is shown by the drawing of Fig. 
3.5C. When this position is reached, the piston rod 12 of the cylinder 11 is maximally 
extended. Hence, as will be recognized by those of ordinary skill, the height of the terry pile 
is determined by the difference in position of points A and B. Note that, during the second 
half of the third rotation of the crank 6, the piston rod of the pneumatic cylinder 11 is forced 
inward so that the mechanical linkage is shortened and partial beat up of the first pick of the 
next cycle is effected. 
Mechanical linkage 8 also includes continuously adjustable nut 20 for adjusting the relative 
positions of points A and B to thereby adjust the pile height of the resulting terry fabric. The 
nut 20 is incorporated as part of the piston-rod 12 and serves as a means for regulating the 
length of the mechanical linkage 8 during partial beat up steps. Adjustment of the nut 20 
results in a leftward or rightward shift of the arc of the reed but does not appreciably change 
the length of the arc of the reed. When it is desired that there be a relatively short pile height, 
the nut 20 should be positioned adjacent end 17 of the cylinder 11 during the partial beat up 
steps. When the nut 20 is so positioned, the movement of the piston rod 12 into the cylinder 
11 is limited by the nut. Thus mechanical linkage 8 is relatively long and the corresponding 
arc of the reed 2 is shifted to the left, thereby giving rise to a relatively small distance 
between the partially beat up first two picks of the three pick terry cycle (point A) and the fell 
of the fabric (point B). On the other hand where a relatively large pile height is desired, the 
nut may be spaced apart from the end 17 of the cylinder 11 during the partial beat up steps 
in which case movement of the piston-rod 12 into the cylinder is limited only by the geometry 
of the cylinder. This serves to shift the arc of the reed 2 to the right and results in a relatively 
long distance between the partially beat up first two picks of the three pick terry cycle (point 
A) and the fell of the fabric (point B) /45/. 
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3.2.2 Weaving machine equipped with the fabric control mechanism 
Fabric control mechanism was developed by Sulzer and Dornier companies. Loop formation 
proceeds according to the principle of fabric control. That is, the reed moves in a 
conventional manner but the fabric or fabric is periodically moved away from beating-up 
station by a common movement of the breast beam and temple. Usually, two or three partial 
beating-ups are carried out after each complete beating-up for a subsequent looping of the 
pile warp /43, 46/.  
3.2.2.1 Fabric control mechanism on Sulzer weaving machine 
Referring to Fig. 3.6, the terry weaving machine is of generally conventional structure. For 
example, the weaving machine has a ground warp beam 1 from which a plurality of ground 
warps 2 extend via a deflecting beam 3 to a whip roll 4 as well as a pile warp beam 5 from 
which a plurality of pile warps 6 extend via a temple 7 and a resiliently mounted whip roll 10 
which is secured to a lever pair 11.  
 
 
25 Follower lever   
26 Terry cam  
27 Warp beam drive  
28 Worm drive  
29 Toothed annulus  
30 Drive motor 
31 Deflecting mechanism 
32 The fabric 
33 Double arrow 
14 Warp yarn detectors 
15 Heddles     
16 Reed       
17 Slide 
18 Needle roller  
19 Breast beam 
20 Needled stepping beam   
21 Pressing beam 
22 Fabric beam 
23 Pull link 
24 Pull hook or lever 
1 Ground warp beam  
2 Ground warps  
3 Deflecting beam 
4 Whip roll  
5 Pile warp beam 
6 Pile warps  
7, 8 and 9  Temples  
10 Whip roll   
11 Lever pair 
12 Pivot  
13 Spring  
 
Fig. 3.6: Loop formation by using fabric control mechanism on Sulzer weaving machine /44/ 
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As indicated, the lever pair 11 is pivotally mounted about a pivot 12 and is biased by a spring 
13 against the pile warps 6. In addition, the ground warps 2 and pile warps 6 are guided via 
warp yarn detectors 14 into a means for forming a shed. This means includes a plurality of 
heddles 15 which are able to shift the warps into a top shed position and/or a bottom shed 
position. In addition, a means is provided in the form of a reed 16 for beating up a weft yarn 
within the shed to a beating-up station to form a fabric or fabric. The machine has also a slide 
17 comprised of a temple 8 having a needle roller 18 and a breast beam 19 over which the 
fabric is guided away from the beating up station. In addition, a needled stepping beam 20, a 
pressing beam 21, and a temple 9 are provided to guide the fabric onto a fabric beam 22. 
As indicated, a means is provided for periodically reciprocating the temple 8 and breast 
beam 19 to effect a terry weave in the fabric. This means includes a pull link 23 which is 
connected to the breast beam 19, a pull hook or lever 24 and a cam follower lever 25 which 
connect the breast beam 19 to a terry cam 26. This cam 26 meshes with a worm drive 28 
forming part of a warp beam drive 27. The worm drive 28 also meshes with a toothed 
annulus 29 of the warp beam 5. In addition, a drive motor 30 is provided for driving the warp 
beam drive 27. Referring to Fig. 3.6, a means in the form of a stationary deflecting 
mechanism 31 is disposed between the reed 16 and temple 8 for narrowing the shed on 
opposite sides, i.e., from the top and from the bottom, as viewed at least on one edge in 
order to maintain a tucked-in end of a weft yarn in the shed. During operation of the weaving 
machine, the terry cam 26 (Fig. 3.6) acts via the lever 25, hook 24 and link 23 to reciprocate 
the slide 17 in the direction indicated by the double arrow 33. The fabric 32 thus makes an 
operative movement (lift) H relative to the beating- up position of the reed 16 /44/.  
3.2.2.2 Fabric control mechanism on Dornier weaving machine 
Pile formation by using this mechanism is based on the principle of a stable and precise 
shifting of the beat-up point. Using this principle the fabric is shifted towards the reed by 
means of a positively controlled movement of the whip roll 6 and a terry bar together with the 
temples on the beat-up of the fast pick. The sturdy reed drive is free of play. It provides the 
necessary precision for the beat-up of the group of picks. 
A compact, simplified whip roll system 6 with the warp stop motions arranged on two 
separate levels improves handling and has a decisive influence on reducing broken ends. 
Due to a drastic reduction in the number of mechanical components the amount of 
maintenance required is reduced. With the help of electronics the precision of measuring the 
Iength of pile yarn is improved. This leads to a better fabric quality due to constant pile height 
and fabric weight. The weaving process is so exact that precise mirrored patterns are 
possible and velour weavers experience minimal shearing waste. The tensions of the ground 
and pile warps 1 and 2 are detected by force sensors 3 and 9 and electronically regulated. In 
this way warp tension is kept uniform from full to the empty warp beam. To prevent starting 
marks or pulling back of the pile loops the pile warp tension can be reduced during machine 
standstill. Fig. 3.7 illustrates Dornier air-jet terry weaving machine /46/. 
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1 Ground warp 
2 Pile warp 
3 Measuring unit 
4 Terry motion cams 
5 Setting lever for terry spacing  
6 Cam driven whip roll for ground warp 
7 Precise setting for terry spacing 
8 Cloth roll 
9 Warp tension sensor 
 
 
Fig. 3.7: Fabric control mechanism on Dornier air-jet weaving machine /46/ 
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4 Structure of spacer fabrics   
Woven spacer fabric constructions play an increasingly important role in technical fabric 
constructions, because of exceptionally high stiffness to weight ratio compared to other 
constructions. As a result, woven spacer fabric results in lower lateral deformations, higher 
bulking resistance. Thus, for a given set of mechanical and environmental loads, woven 
spacer fabric often results in a lower structural weight than do other configurations. It has to 
be employed in high-technology applications because of its high specific strength, high 
specific stiffness and other characteristics. 
The critical mechanical properties of spacer fabrics are those related to tensile strength, tear 
strength and stiffness. Tensile strength of spacer fabrics measures the fabric's ability to resist 
the tensile forces resulting from pre-stress in combination with external loads and it 
measures the level of direct pull force required to rupture the fiber of material. Stiffness is of 
course related to modulus of elasticity of the material and the area of fibers employed, which 
may vary in the warp and fill directions of the material. In addition, the type of weave 
employed and the manufacturing process will both effect stiffness variation under load due to 
crimp interchange.  
4.1 Aims of the thesis  
The fundamental aim of this thesis exists in the development of spacer fabrics for the light 
weight composites materials, which required for high performance structural applications 
because of their high specific properties. Spacer fabrics are certainly strong for the structure 
applications in the presence of multidirectional mechanical and thermal stresses. Because of 
the fiber architecture in spacer fabric, reinforcement is also present along the thickness 
direction leading to an increase in stiffness and strength properties. Therefore, the work in 
brief focuses on two main goals:- 
• Development of spacer fabrics for composite in the lightweight constructions. 
• Development of the weaving machine for spacer fabrics production. 
In addition to the previous aims, the work studies the ability of using hybrid yarns for 
instance, GF-PP in the weaving of spacer fabrics. The lightweight construction with textile-
reinforced composite materials offers numerous advantages in relation to conventional 
constructions. First of all, the high firmness and stiffness with low weight, good absorption 
and crash qualities, the large variety of textile procedures and structures as well as the 
economic manufacturing with high ability for reproduction, the big series suitability and the 
good recycling ability make the still young material group for future lightweight construction 
applications in different branches of industry particularly interesting. 
The spacer fabric takes zigzag or rectangular shapes as shown in Figs. 4.1 and 4.2 
respectively. Three principle directions pertaining to spacer fabric is assigned in a coordinate 
system (x, y, and z). The x-axis represents the crosswise direction of the fabric, the y-axis 
represents the lengthwise direction of the fabric and z-axis represents the vertical direction of 
fabric or the wall fabric. The suggested shapes for spacer fabric in three dimensional consists 
of two ground fabrics are woven simultaneously and a wall-fabric connects between them 
and also it creates the thickness for this construction. This kind of construction is favoured by 
the scientists of Collaborative Research Centre SFB 639 /8/.  
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Fig. 4.1: Suggested zigzag shape for spacer fabric 
 
 
 
Fig. 4.2: Suggested rectangular shape for spacer fabric 
Woven fabric composite is represented one of the most important division of lightweight 
constructions which is characterized by better impact resistance, damage tolerance, and high 
toughness in comparison to uni-directional reinforcement composites. There is a high impact 
damage tolerance of 3D-fabric composites compared to laminated composites, due to their 
fully integrated fibrous substrates. 3D-fabric enhances stiffness and strength in the thickness 
direction due to the presence of out-of-plane orientation of some fibers. It also achieved 
superior strength to weight in Z-direction, when impregnated with a resin or matrix /28, 29/.   
Improving the dimensional stability of fabric-reinforced composites is one of the most 
advantages for woven spacer fabrics. on the other hand, integrated structure in three-
dimensional fabric has to be made by process of arranging continuous reinforcing fibers into 
an integral 3D-preform where the fiber are oriented in 3D space /16, 47/. 
4.2 Scientific-technical problem definition 
The result of excessive loading in the uni-reinforced plane is a delamination of the constituent 
plies as failure of the part under loads lower than the designed load. The obvious solution to 
such problems, then, is to add FIBER reinforcements in the third dimension, creating an (x, y, 
and z) coordinate system of reinforcement.  
Three-dimensional weaving is one possible method for improving the properties of fabric-
reinforced composites. It can enhance the through-the-thickness properties, such as shear 
strength, dimensional stability, damage, tolerance, and fracture toughness that are critical for 
many structural applications /14, 48/. 
3D-woven textiles exhibit higher through thickness and interlaminar properties because of 
their integrated structure. Woven spacer fabrics play a special role in technical utilization, 
because they take the best advantages of properties for the used fibers. Mechanical 
properties required in relation to different loading conditions are stiffness and strength 
properties; enhanced impact resistance, fatigue resistant, dimensional stability, fracture 
toughness, damage tolerance, and simplicity of manufacturing method. Woven spacer fabric 
X 
y 
z 
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45 mm.
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z 
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with a uniform cross section, bases on a defined spacer length between the two ground 
fabric layers. The suggested length of the basic fabric in upper and lower ground fabric is 45 
mm, and the length of the wall-fabric is 30 mm as it is shown in Figs. 4.1 and 4.2 (page 31). 
One of the attractive features of woven spacer fabric is the ability to form the shape in three 
directions during the weaving process, producing near net shape fabrics which can placed 
directly in mold with no additional touch labour. Weaving of this construction is very difficult to 
be achieved on the normal weaving machine. In three-dimensional weaving, a high degree of 
integration in fabric geometry through the thickness is achieved by modifying the traditional 
weaving techniques for producing two-dimensional fabrics. For this reason, this thesis 
focuses the light on the fundamental development of the weaving machine which is equipped 
with the technology of face-to-face weaving. The experimental work has to be carried out on 
narrow weaving machine (J. Müller Company) with regard to the fact that the technology of 
face-to-face weaving has to be applied on this machine. 
4.3 Tasks of the research    
The wire-model in Fig. 4.3 is represented a simulation for the suggested shape of the woven 
spacer fabric to put a general conception of the spacer fabric after treatment with resin 
matrix. This model gives the chance to study the points of weakness and strength of its 
structure shape, therefore it would be obvious the enhancement procedures to achieve good 
design elements for the spacer fabrics. 
 
Fig. 4.3: Wire-model for a woven spacer fabric 
To achieve the goals of the research, the geometry of spacer fabric must be taking into 
consideration. The fabric geometry should be chosen to give the best possible properties for 
the application under consideration. Spacer fabrics for high-stress applications require to 
uniformity and high strength in structural details and substructural elements. This strength 
can be realized from woven three-dimensionally, which make it possible to build composites 
with fiber reinforcement not only in the x- y-direction, but through the z-direction as well /29/. 
There exists, however, a further need has to be achieved the dimensional stability to provide 
a spacer fabric suitable for the purpose. Spacer fabric has to be reinforced with resin 
material, which increases the dimensional stability and also enhances the physical and 
mechanical properties of the spacer fabric at the same time.  
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Once the fabric has been woven it will be densified to form the final structure. Densification 
consists of surrounding all of the fibers within the textile structure with a matrix material and 
causing the matrix material to take on a solid state /18/. 
The strength of composite depends on several parameters such as strength of yarn, strength 
of matrix, average yarn orientation and volume fraction of fabric, as shown in the following 
equation /49/:                                    
mfyfc )V(cosV σ−+θσ=σ 1
2      (4.1) 
where:                      
strength of composite,=cσ
strength of yarn,=yσ
strength of matrix,=mσ
average yarn orientation,=θ
volume fraction of fabric.=fV
 
To get a maximum value of strength of composite, one must sure that strength of yarn; 
average yarn orientation and volume fraction of fabric have maximum values. Those basic 
parameters are based on some major sub-parameters, which are fiber orientation in yarns 
and the value of yarns´ crimp in fabric.  
The strength of fabric depends on type of fiber, fineness, twist, and tenacity of yarns and also 
on the weave and yarn density (set). Theoretically, the tensile strength of a fabric should be 
the sum of the tensile strength of all the yarns added together. However, there is always a 
loss of strength due to weaving, and as a result the theoretical strength is never achieved. 
The conversion penalty due to weaving has been calculated and reported on plain weave, 
polyester fabric of varying yarn densities. It has been found that the processing penalty in the 
warp direction is about 10% and in the weft direction is about 15%. The processing penalty 
increases with yarn density of the fabric. The reason for this conversion loss is due to the 
thread strain during the weaving process, i.e., shedding, warp formation, weft insertion, etc., 
and due to the transversal strain at the intersection points. The higher weaving penalty in the 
weft is due to greater waviness of the weft yarn being around the stretched warp yarns /50/. 
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5 Technical solution’s system 
5.1 Narrow weaving machine 
The experimental work has to be carried out on narrow weaving machine model NFRE (Q) 
(J. Müller Company) with face-to-face weaving techniques by using double weft-holders.  
The side-view of narrow weaving machine shown in Fig. 5.1, illustrates the essential parts, 
which are required for the weaving process. The drive shaft propelled by an electric motor 
transfers the rotating motion to the specialized shedding device, the weft insertion elements 
and take-up device. The devices for the weft supply and control of wefts are in the high part 
of the machine; the warp beams contain a mechanism for the braking and leaving the warp 
yarns.    
In order to give some reality to these fundamentals, it is shown in Fig. 5.1 the passage of the 
threads (3) through the machine. The threads pass from the warp beams (2) round the back 
rollers (5) and come forward through the drop wires (6) of the warp stop-motion to the    
heald frames (7), which are responsible for separating the warp sheet for the purpose of 
shed formation. It then pass through the reed (8), which holds the threads at uniform spacing 
and is also responsible for beating-up the weft to fell-point of the fabric then passes over the 
front rest, round the take-up roller (10). 
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 Fig. 5.1: Side-view of the narrow weaving machine NFRE (Q) (J. Müller NFRE) /51/ 
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5.1.1 Movement analysis for the fundamental operations on narrow weaving machine 
There are three essential operations often called the primary motions of weaving and must 
occur in a given sequence, but their precise timings have an extreme importance in relation 
to one another which are: 
1. Shedding, i.e. the separation of the warp threads into two (or more) layers. 
2. Weft insertion, i.e. passing the weft, which traverses across the fabric, through the shed. 
3. Beating-up, i.e. forcing the inserted pick up to the fell point of the fabric. 
There are also two additional operations essential if weaving is to be continuous: 
4. Warp control (or let-off): this motion delivers warp to the weaving area at the required rate 
and at a suitable constant tension by unwinding it from the weaver’s beam. 
5. Fabric control (or take-up): this motion withdraws fabric from the weaving area at the 
constant rate, which will give the required pick-spacing and then winds it onto a roller. 
5.1.2 Shedding 
With the three-weft needles technique which is applied in narrow weaving machine of            
J. Müller, three sheds are formatted; hence three wefts are inserted simultaneously for the 
upper, middle and lower fabrics. The sheds must be clean, that means slack or hairy warp 
threads must not obstruct the passage of the weft or of the weft carrier. Four layer-positions 
are required for the warp yarns (upper, upper middle, middle lower and lower) with maximum 
8 heald frames. For the ground warp ends only two positions are required (upper and bottom 
position) with maximum 12 heald frames as shown in Fig. 5.2.   
 
 
 
 
 
 
 
Fig. 5.2: Heald frame positions on the narrow weaving machine /51/ 
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For the middle positions (upper middle, middle lower) there are two possible heald frame 
positions (HMT design) — activated by 1st or 2nd key of the respective heald frame. If the 
shorter stroke is required, the associated key is activated with the smaller number (middle 
lower of shed). In the case of the longer stroke (upper middle of shed) the associated key is 
activated with the larger number. 
Healds with signal eyelet in the middle have to be used with double-shed heald frames 
(HML). On the other hand, healds with 2 eyelets are used with normal-shed heald frames 
(HL), but only one eyelet must be used. If the warp threads are drawn-in lower-eyelet, then 
low-middle shed has to be formed. On the other side, the high-middle shed has to be formed 
by drawing-in upper-eyelets. 
The dobby Mütronic® 600 shown in Fig. 5.3 is independently programmable by means of a 
plug-in keyboard. Designs of program corrections can be typed in directly on the narrow 
weaving machine, and then played over to an electronic data medium (EEPROM module). 
By this method it could be controlled in 8 heald frames electronically, every heald frame of 
them has four positions and also 8 heald frames with two positions controlled by eccentric 
cam. 
The heald frame (1) which is pulled upward by tension spring (2) is connected by cord (3) to 
the upper sheave of the sheave block (4). The other end of the cord (3) is fastened to the 
housing (7) with a threaded pin (5) and nut (6). The height of the heald frame is adjusted with 
the adjusting nut (6). A second cord (8) passes over the lower sheave of the sheave block (4) 
and connects the two hooks (11) together. These hooks are brought by the boxer motion of 
two cranks into the engagement position (I) by the hook levers (9). Depending on the control 
of the tappets (13) or the magnets (14) by the electronics, the hooks (11) can be engaged by 
the pawls (12). The heald frames (1) are controlled by the interaction of hooks and pawls.  
The following positions can occur: 
a. When both pawls are outside the engagement range the heald frame goes into the raised 
position. 
b. When one of the two pawls is inside the engagement range the heald frame moves up 
and down (at the time of weft insertion it may be in the up or down position). 
c. When both of the pawls are inside the engagement range the heald frame remains in the 
lowered position. 
Since the magnetic force does not suffice to pull the tappets (13) out of their basic position, 
the tappets are pressed against the magnets (14) by the nose (15) of the press-on/push-off 
shaft (16). When the magnet is energized, the tappet (13) is held fast; otherwise it will 
engage with the thrust nose (17) of the press-on/push-off shaft, and by the rotational 
movement of the press-on/push-off shaft (16) forces the pawl (12) out of the engagement 
position. To prevent the tappets from sticking to the magnets after the scanning due to the 
residual magnetism, they are pushed off by the push-off nose (18) of the press-on/push-off 
shaft (16), as illustrated in Fig. 5.4. The relation between the height of the any heald frame 
and its position in relation to fell point of the fabric is as shown in Figs. 5.5 and 5.6 
respectively. The magnets receive their control commands from the control unit, which holds 
the ready fabric structure data stored on EEPROM (electrically erasable programmable read-
only memory). The structure data can be entered either directly over a keyboard or from 
cassette recorder into the machine memory (control unit) /51/. 
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Fig. 5.3: The construction of the mütronic® 600 system /52/ 
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Fig. 5.4: The magnetic force causing the heald frames movement /51, 52/ 
By using this technique three sheds are formed, one above the others, and three needles are 
thrown across simultaneously, so that a pick is inserted in the upper, middle and lower fabric 
at the same time represented in Fig. 5.5. That means three fabrics are woven 
simultaneously.   
 
 
Fig. 5.5: Formation of three sheds simultaneously on the narrow weaving machine /51, 52/    
As prerequisite to the development of spacer fabrics on this narrow weaving machine several 
basic experiment have to be carried out. For this reason, the heights of all heald frames have 
to be studied. The differences in the height of double-shed heald frames (HMT) in relation to 
fell point of the fabric are shown in Fig. 5.6. On the other side, the height of heald frame 
number 14, which has to be taken as an example for a normal-shed heald frames (HT) is 
shown in Fig. 5.7. 
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Fig. 5.6: The height of double-shed heald frames (HMT)  (1-8) in relation to fell point of the fabric 
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Fig. 5.7: The height of a normal-shed heald frame (HT) number 14 at the degree of crankshaft 
                                                                                               5 Technical solution’s system       
                                                                               
 
40 
 
5.1.3 Weft insertion 
On this type of narrow weaving machines, the weft thread is laid across the full width of the 
warp sheet by a means of special needle. The weft thread has to be seized to a mesh 
(knitting stitch) by a latch needle at the right edge of fabric as it shown in Fig. 5.8. On the 
other hand, real selvage is produced on the side of weft insertion.  Double weft threads are 
formed in a shed.   
The phases of the meshed selvage formation with a latch needle on narrow- fabric weaving 
machine: 
1. With the reference to the diagram in Fig. 5.7, the shed is opened at 325° of the main 
crankshaft circle to prepare for the next weft insertion this action synchronize with the 
movement of the latch needle to forward (in the opposite direction of the reed at 325°. At 
this time, the loop of previous weft thread slips under the opening of the needle-latch 
spoon. 
2. The knitting-needle reaches at 145° to the most forward position and begins its backward 
movement as shown in Fig. 5.8. The weft-holder needle put the new weft thread loop 
which swinging on the lower sheet of the shed into the needle hook at 155°. 
3. At 180° the weft-holder needle begin its backward movement into initial position, on the 
other side the knitting-needle draw the new loop through the old loop which is cast-off or 
knocked over at 2880 for upper needle and 298° for lower needle as shown in Fig. 5.9. 
4. The needle reaches at 325° to its back position and its sequence of movements is 
repeated for the next stitch. 
5. The weft-holder needle reaches at 360° to its initial position, at this point the reed 
reaches to fell-point and a new revolution begin as shown in Fig. 5.10.   
 
                        
                                             A                                                                   B 
                                           
 
Fig. 5.8: The movement of knitting-needle for formation the right edge of the fabric 
 
 
at 325° 
 
 
 
 
 
at 145° 
 
 
at 155° 
 
 
 
Line of the fell-point 
(see Fig. 5.8B) 
5 Technical solution’s system 
 
41
 
 
 
-2.91
23.42
-1.34
23.27
-4
-2
0
2
4
6
8
10
12
14
16
18
20
22
24
0 30 60 90 12
0
15
0
18
0
21
0
24
0
27
0
30
0
33
0
36
0 30 60 90 12
0
15
0
18
0
21
0
24
0
27
0
30
0
33
0
36
0
Crankschft rotation [degree]
M
ov
em
en
t [
m
m
]
Upper knitting-neddle Lower knitting-neddle 
 
Fig. 5.9: The movement of upper and lower knitting-needle from fell-point (in x-coordinate) 
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Fig. 5.10: The movement of upper and lower weft-holders in relation to the fell-point (in x-
coordinate) and also to the right selvage of the fabric (in y-coordinate) 
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5.1.3.1 Drive and control of weft-needle 
The rotating motion of the main shaft as illustrated in Fig. 5.11 is converted over the crank (1) 
and connection rod (2) to swivelling movement (3) of the reed. At the same time the 
connection rod (4) drives the weft needle (5).   
 
 
 
 
 
 
 
 
1 Crankshaft  
2 Connection rod   
3 Swivelling movement for the reed 
4 Connection rod 
5 Weft needle  
 
Fig. 5.11: The drive of the weft needle and the reed /52/ 
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Fig. 5.12: The front and back position of the weft needle 
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5.1.3.2 Drive and control of knitting-needle 
The knitting needle receives its movement for the mesh formation from the main shaft over 
connecting rod (5), stroke lever (2) and knitting needle shaft (6). The knitting needle shaft is 
fastened in the needle holder (7), which moves thereby under normal conditions equivalent 
fast forwards and back as shown at B in Fig. 5.13. The smooth of movement is achieved by 
using a scale (3) on the stroke lever (2), which necessary to adjust the variation and 
sequence of motion for the knitting needle.  The knitting needle moves by an eccentric cam 
(8) to be able to arrange the movement individual.   
 
 
 
 
 
 
 
                            (A)               
 
                        (B)
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Fig. 5.13: The drive of knitting-needle (A) /52/, the back and front of knitting-needle (B) 
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5.1.4 Weft beating-up 
After each pick has been inserted it has to be beaten-up, that is moved to the fell of the cloth. 
The reed 4 is mounted on the sley 3 and during the weaving cycle is reciprocated backward 
and forward. Whilst the weft-needle 5 passes through the shed the sley 3 is then moved 
forward for beat-up. The reed driver is connected with the main shaft by a crank mechanism 
1 and moves synchronously with the weft holder driver as shown in Fig. 5.14. This 
regeneration of this movement is also a basic prerequisite for the later experiment (Fig. 5.15). 
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Fig. 5.14: The drive of the sley /52/ 
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Fig. 5.15: The horizontal distance between the reed and fell point of the fabric in relation to    
                     the degree of crankshaft rotation  
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5.1.5 Warp supply and let-off motion 
Warp yarns are generally supplied to the narrow weaving machine on one or more weaver’s 
beams as it is shown in Fig. 5.1 (page 34). In special cases, cone creels can be used. 
Two or more warp beams may have to be used, when the fabric design requires the use of 
warp yarns of widely differing linear densities or results in different warp yarns weaving with 
widely differing crimps. 
The let-off motion on the narrow weaving machine is negative because the beam is turned by 
the tension effect of warp yarns. During weaving process the required amount of yarn will be 
released for each pick cycle. It must also hold the warp yarns under even tension so that they 
separate easily into two or more sheets during shedding prior to weft insertion and so that the 
required tension is maintained during beat-up when the newly inserted weft is moved by the 
reed to the fell of the cloth. Let-off motion is controlled mechanically with the force exerted by 
the weight lever and the force transmitted indirectly from beating force by the warp yarns. 
5.1.6 Take-up motion 
Take-up motions are required to withdraw the fabric at a uniform rate from the fell. The speed 
of withdrawal controls the pick spacing, which has to be regular to prevent weft bars and 
other faults.  
The positive take-up device in the narrow-weaving needle machine as shown in Fig. 5.16 
consists of take-up cylinders (1, 2) and the pressure roller (3). By the change of gear wheels 
z3 and z4 it could be determined the number of wefts per length unit.  A group of gear wheels 
contains the gears z1, z2, z3 and z4 which is connected with take-up cylinder (1) adjusting the 
desired weft density and idler gear z.  
 
 
 
Fig. 5.16: Take-up device of narrow weaving machine /51/ 
 1, 3 Take-up cylinders 
 2     Pressure roller 
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5.1.7 The relationship between degrees of crankshaft rotation and the movement of 
weft-needle, heald frames and the reed  
Fig. 5.17 (A-D) shows 4 situations of complete weaving cycle. This is for understanding the 
weaving process in generals. The relationship between degree of crankshaft rotation and the 
movement of the functional groups of the narrow weaving machine is an important basic for 
every modification during the experiments (chapter 6). 
 
 
 
 
 
A 
 
 
 
 
 
 
 
Degree of crankshaft between 0°-90°  
•   Weft-needle is outside of the shed at 0° 
•   The reed moves back 
•   Healds move up to top and bottom positions 
 
 
 
 
 
 
B 
 
 
 
 
 
Degree of crankshaft between 90°-180° 
•   Weft-needle insert into the shed and put a 
weft thread into the hook of a knitting needle 
at 155° 
•   The reed arrives at the back dead point at 
180° 
•   Shed is open at 145° 
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C 
 
  
 
 
 
 
Degree of crankshaft between 180°-270° 
•   Weft-needle leaves the shed at 260° -300° 
for fabric width 50-120 mm 
•   The reed moves against beat-up 
•   Heald frames move to middle position 
 
 
D 
  
 
 
 
 
Degree of crankshaft between 270°-360° 
•   Weft-needle left the shed 
•   The reed is beating-up the weft 
•   Heald frames move up to top and bottom 
positions at 325° 
 
Fig. 5.17: The relation between weft-needle, heald frames and the reed 
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5.2 Development of spacer fabrics   
5.2.1 Spacer fabric structure 
Design and structure of the woven spacer fabrics determine their production methods which 
all affect on the properties of final product. These spacer fabrics preforms with various 
architectures can be fabricated using different weaving methods. Since spacer fabrics, 
especially for complex shapes, are difficult to manufacture at a reasonable production rate, 
very few automatic manufacturing systems available have been developed commercially. 
Elements of fabric construction have a great influence on the spacer fabric properties, e.g. 
yarn mobility in the fabric construction, as well as inherent yarn tensile strength, and 
determines fabric tear strength. If the yarn can move and bunch together, higher tear 
strength will result compared to a situation where they are broken individually /53/. 
An important characteristic of a fabric is its ability to conform to complex or highly curved 
surfaces known as drapeability. This property can be described with the aid of the concept of 
the number of interlacings per unit area in weaving; an interlacing refers to the crimping of 
yarn over another. It is the interlacing which holds the fabric together. Furthermore, since a 
plain weave has the most interlacings it necessarily follows that it is the least drapable fabric. 
This thesis introduces a developed weaving method for spacer fabrics which used in light-
weight constructions. The spacer fabrics are successfully fabricated by modifying the 
conventional weaving mechanisms, two warp beams are used to arrange the warps into two 
groups in plane form for weaving convenience, one of them for the tight (floated) yarns of the 
ground fabrics and the other for warp yarn of wall-fabric. The structure-geometry for the 
suggested spacer fabric is illustrated in Fig. 5.18 with a uniform cross section, bases on 
upper- and lower ground fabrics connected together with the wall-fabric through the thickness 
of spacer fabrics and at the z-direction. To achieve the desired substantially rigid 
construction, the wall fabrics must be interchanged the intersection with upper- and lower 
ground fabrics, on the other side it must be interchanged the intersection with each other at 
the mid-height line of the spacer fabric as shown in Fig. 5.18. 
 
Lower-ground fabric 
45 mm.
 Upper-ground fabric
Wall-fabric 
30 mm. 
Fig. 5.18: Structure-geometry for the suggested spacer fabric 
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Face-to-face weaving technique on narrow weaving machine represents the manufacture 
method of the spacer fabrics in which two fabrics are woven simultaneously and the 
connecting wall-fabric is achieved with the aid of extra let-off and extra take-up devices. The 
distance between the upper and lower ground fabrics is equal to the height of wall-fabric. 
It is expected that the relative cover of wall-fabric less than ground-fabric, as the result of the 
interlacing between all warp yarns and wefts in ground-fabric, on the other side the 
interlacing in wall-fabric is just between 50% of all warp yarns and wefts. To avoid the 
expected difference in warp yarns density between the ground und wall fabrics, plain weave 
is chosen for the wall fabric as it has the least cover factor of all other fabric structures. The 
maximum possible number of intersections of warp and weft yarns makes a plain weave 
fabric the strongest and stiffest among the various woven structures. 
In plain weave as shown in Fig. 5.19A, each warp and weft threads passes over one thread 
and under the next, leading to stable fabric and good resistant to distortion, but is not very 
deformable. This weaved fabric lead to mechanical properties almost identical in the two 
directions of warp and weft (for identical weaving threads). However, the plain weave fabric 
imparts a high degree of crimp to the fiber, which decreases some mechanical performance 
of the composite. The plain weave leads to a high degree of crimp which may reduce 
stiffness by up to 15% compared with similar fraction of straight fibers /20, 54/. 
It is better also to use plain weave in vertical wall-fabric owing to its highest quality of 
interlacing to wrinkle, and decreases absorbency more than in comparable fabrics made with 
weaves of other types. The tight yarns of the ground fabric maybe have no crimp as 
illustrated in Fig. 5.19B, C. No crimp in fabric reduces loss of properties, enhance mechanical 
properties and increase fabric-thickness. Crimp is undesirable as it reduces the 
reinforcement efficiency /50, 56/. 
 
 
 
 
 
 
 
 
 
 
The proposed structure for upper and lower fabrics illustrates in Fig. 5.19C which is a 
derivative from plain weave. This structure is like full interlocking and it is expected to provide 
spacer fabric with exceptional stiffness and strength properties. This owing to taking the best 
advantage of stiffness and strength properties from tight (floated) yarns which have no crimp. 
On the whole, this structure consists of a fewer number of interlacing compared to plain 
 
             A 
 
 
 
             B 
 
 
 
             
             C 
    
 
Fig. 5.19: Cross-section in plain weave (A) structures and some of its derivatives (B, C)
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weave, and hence, it allows more threads to be inserted. For this reason, the fabric cover of 
this weave is high compared to basic plain weave, but due to fewer intersections.  
5.2.2 Weaving phases 
The weaving method of spacer fabrics must be developed by modifying conventional 
weaving mechanisms, based on its uncomplicated weaving mechanisms. 
The spacer fabric formation includes 3 phases:- 
• Upper and lower ground fabrics weaving, 
• Wall-fabrics weaving, 
• Backward movement of the floated tight yarns (formation of wall-fabric). 
Fig. 5.20 illustrates in brief phases of the spacer fabric formation. 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Forward movement 
A: Upper and lower ground fabrics weaving 
Fig. 5.20: Phases of the spacer fabric formation 
B: Wall-fabric weaving 
C: Formation of spacer-fabric
Backward movement
Forward movement 
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5.3 Development of the weaving machine 
By the development of the weaving machine, there is not any modification has to be carried 
out in the three essential operations which are shedding, weft insertion and beating-up 
(pages 35-44), but the development takes advantage of those operations to serve the 
developed weaving process. The main development has to be achieved in the additional 
operations which are warp control and fabric control (page 45). For the realization of this 
development, the movement and the forces of let-off and take-up elements have to be 
analyzed. The development has to be carried out to achieve the best performance for the 
weaving process and spacer fabric properties. The mechanical transmission method has to 
be secured the flexibility in modification or changing of fabric geometry, 
5.3.1 Development of fabric let-off and take-up warp yarns processes  
5.3.1.1 Development of the warp let-off process 
Warp let-off mechanism releases the warp yarn from the warp beam as the warp yarn is 
woven into the fabric. Warp yarns are generally supplied to the narrow weaving machine on 
one or more warp beams as it is shown in Fig. 5.1 (page 34), but in special cases, cone 
creels can be used. Two or more warp beams may have to be used, when the fabric 
structure requires warp yarns in widely differing linear densities or results in different warp 
yarns weaving with widely differing crimps. The let-off mechanism applies tension to the warp 
yarns by controlling the rate of flow of warp yarns. For the weaving of spacer fabric two warp 
beams have to be used at least owing to the difference in the elements of fabric-construction 
between ground fabrics and wall-fabric of spacer fabric. The warp beam of ground fabrics is 
very heavily tensioned whilst the wall warp yarns are only under slight tension. The spacer 
fabric consists of two series of yarns, the ground fabrics yarns and the other of the wall-
fabric.  
The mechanism of let-off keeps appropriate tension on the warp yarns which controls the 
crimp rates of warp and filling yarns. Regular tension is essential in weaving because the 
increasing the warp tension decreases the warp crimp and increases the filling crimp in the 
fabric. Furthermore, the crimp ratio of warp and weft affects the fabric thickness. The let-off 
motion on the narrow weaving machine is negative because the beam is turned by the 
tension effect of warp yarns during the weaving process and the required amount of yarn will 
be released for each pick cycle. Let-off motion is controlled mechanically with the force 
exerted by the weight lever and the force transmitted indirectly from beating force by the 
warp yarns. The warp yarns must be hold under even tension to separate easily into two or 
more sheets during shedding step. The warp tension between open and closed shed is 
compensated by negative control. This tension must be maintained in equilibrium during weft 
insertion and beating up when the newly inserted weft is moved by the reed to the fell of the 
fabric. The running of the warp yarns and spacer fabric on the developed narrow weaving 
machine is shown in Fig. 5.21.  
 
 
         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        
 
Fig. 5.21: Running of the warp yarns and spacer fabric on the developed narrow weaving machine 
Wall warp yarns 
Back reed
Developed take-up device 
Let-off 
Ground warp beam 
Healds frames 
Help reed
Extra take-up roller
Extra let-off roller
Help  
rods 
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5.3.1.1.1 Development of the extra warp let-off device 
The ground warp yarns are wound only around the extra let-off roller which had been 
constructed at the distance between the warp beams and heald frames as shown in Fig. 5.21 
(page 52). On the other hand, the warp yarns of wall-fabric are drawn directly from warp 
beam to weaving area. The construction of extra let-off device has the flexibility to be 
changed owing to the change in spacer fabric geometry.  
The linear downward-movement of extra let-off roller is synchronous with the backward-
movement of extra take-up roller, to ensure the efficiency of intersection for folding fabric 
(wall-fabric) with upper- and lower fabrics. The vertical-movement of let-off roller is carried 
out by two pneumatic cylinders, which have two-way directional valve for every one of them. 
For more utilization of the weight of let-off roller, it is selected for the linear-movement of let-
off roller to be in vertical-level. Two pressure manometers must be used to adjust the values 
of air-pressure and its directions. It is shown in Fig. 5.22 the developed extra let-off device. 
 
  
 
 
 
 
 
 1
2
3
4
5
6
Pneumatic cylinder 
Air in/out 
Piston rod 
Vehicle 
Guide rollers 
Extra let-off roller 
 
 
 
Fig. 5.22: The developed extra let-off device 
5.3.1.1.2 Pneumatic cylinder 
The motion of the extra let-off device is achieved by pneumatics. The most advantages of 
fluid power are its ability to multiply force and its flexibility to change direction quickly without 
damage to the system. The flexibility of fluid power results because the medium of 
transmission is a flowing fluid, which allows flexible hoses to be used. This makes it very 
easy to change direction and transmit the power through angles. Pneumatics is transmitting 
forces through gases. Transmission through a gas is like using a spring as shown in Fig. 5.23 
/57/.      
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The main aim of using pneumatic cylinder to control in the movement of extra let-off device is 
its simplest construction. In addition to its ability to transmit power very quickly and easily 
better than other transmission methods which can be used, such as gears or chains. The 
movement of extra let-off device is realized by using a roller oscillated in vertical level. The 
oscillated cylinder is driven by using two pneumatic cylinders which have two-way directional 
valve for every one of them. Fig. 5.24 illustrates two-way directional valve which controls on 
the downward- and upward movement of the extra let-off roller. 
  
 
 
 
1
2
3
4
5
6
7
8
9
Pneumatic cylinder 
Air valves in/out 
Piston rod 
Vehicle  
Guide rollers 
Extra let-off roller 
Piston 
Area of piston during downward-
movement  (A1)  
Area of piston during upward-
movement  (A2) 
Fig. 5.24: The pneumatic cylinder which controls the movement of extra let-off roller 
5.3.1.2 Development of the fabric take-up process  
Take-up motion is the second additional operation of the weaving process at which the fabric 
is drawn forward at a systematized rate. In the ordinary take-up process, the rotational speed 
of the fabric take-up roller gives the weft density in the fabric. The speed of fabric withdrawal 
controls the weft density on the narrow weaving machine by the change of take-up gears as 
shown in Fig. 5.16 (page 45). The weft density has to be regular to prevent weft bars and 
other faults.  
 
 
Fig. 5.23: Transmitting forces through a gas (analogic to a spring) /57/ 
OutputInput 
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2
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The normal take-up methods aren't qualified for the weaving of spacer fabrics for the 
following reasons:  
1. The great difference in fabric-thickness related to the difference between the thickness of 
two layers of ground fabrics for a length of 30 mm of the fabric, and the thickness of two 
layers of ground fabrics in addition to four layers of the wall-fabric for 15 mm of the fabric 
as illustrated in Fig 5.20 (page 50) generally. 
2. The possibility to use different weft densities in the same structure that gives the spacer 
fabrics` construction of variety and more creativity.  
3. High quality and simplicity in take-up of the spacer fabric. 
As indicated before, the upper and lower ground warp yarns have to be floated and tight 
without any intersections with wefts during the wall-fabric weaving, by the ending of this 
stage, the floated tight yarns have to be drawn in the backward-movement of extra take-up 
roller. For that reasons, the fabric-draw motions on the developed weaving machine can be 
divided into continuous and oscillated movements, the continuous movement of take-up 
rollers for a length equal to the length of ground fabrics and the oscillated movement of extra 
take-up roller for a length equal to half the height of wall-fabric.  
The movements of the extra take-up roller and take-up device are controlled by a system- 
program and given over a control to the servo-motors. Thus it is secured to modify the motion 
system according to elements of fabric construction. A change of geometry for spacer fabrics 
is possible over a simple input at the computer and associated change of the motor 
parameters.  
5.3.1.2.1 Development of extra take-up device 
Extra take-up roller is necessary to withdraw a length of spacer fabric equal to the height of 
wall-fabric or the length of floated warp yarns in its forward-movement. On the other hand, its 
backward-movement is identical with the downward-movement for extra let-off roller. Extra 
take-up device is controlled by using servo motor at the distance between beat-up area and 
take-up device. The movements of the extra take-up are achieved by programming over a 
simple input at the computer and associated change of the motor parameters. Its movements 
are given over a control system to the servo motor that is secured its different types of 
motions. 
The extra take-up device is represented in Fig. 5.25, the shaft 1 and synchronous belt drive 2 
is receiving rotation motion of the power source (servo-motor) from the pulley 3. The 
synchronous rotation of servo-motor converted by the toothed belts 4 and 5 to oscillating 
linear movement according to the used control system program. Due to the connection of 
those belts with extra take-up roller 6, it moves (oscillates) back and forth for a distance 
equal to the half height of the wall-fabric. To secure the linearity of this oscillating movement, 
the take-up roller has to be connected with vehicles 7, 8 on both sides which moved on linear 
guides on both sides. Every vehicle has two upper and two lower guide rollers 9 to ensure 
the maximum smoothness for the linear-movement of take-up roller. The maximum range of 
linear-movement has to be 300 mm for more creativity of spacer fabric geometry, on the 
other hand this distance has to be secured by using a limited switch to send a signal to 
control-unit when the take-up roller attained the required distance to reserve the movement 
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direction and whether it is forward- or backward movement for this reason two limit switches 
have to be used. The distance between the limited switches has to be equal to half the height 
of wall-fabric. 
 
 
 
 
 
 
1  
2  
3  
4, 5 
6 
7, 8 
9 
10  
Shaft  
Belt drive 
Motor pulley 
Toothed belts 
Extra take-up roller 
Vehicle 
Guide roller 
Original take-up device 
 
Fig. 5.25: The developed extra take-up device 
5.3.1.2.2 The development of fabric take-up device 
The take-up device consists of two rows of drawing cylinders; every row consists of three 
coated cylinders as shown in Fig 5.26. The take-up cylinders draw the spacer fabric in the 
distance between upper and lower rows. To secure the take-up process, help rods have to 
be used temporarily to fill the spaces of spacer fabric. The help rod dimensions must be 
smaller than the dimensions of the space that give the rod inserting and moving out more 
facility. 
The development of take-up device to draw spacer fabric is based on the fabric movement-
mechanism on the weaving machine which has to be parted as follows: 
1. The simultaneous movement-speed of the upper and lower drawing cylinders by using 
two servo motor for every row of cylinders. 
2. The linear movement of the take-up cylinders must be just equal to the length of ground 
fabrics as shown in Fig. 5.28 (page 59). 
3. Changing the weft density can be achieved by control system depending on the change 
of rotation value of take-up rollers not by changing the take-up gears. 
The help rods have to fill in the space of spacer fabric to confirm its shape before it draw by 
the rollers. After the fabric left the take-up area the help rods have to be pulled up. Using two 
servo motors in take-up process gives more flexibility, if there is a need to use different weft 
densities. The weft density is determined by the frequency controlled servo motors. To 
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enhance this process the take-up cylinders must be coated with PVC to prevent any 
longitudinal slippage of the spacer fabric. The take-up device is driven through two servo 
motors gearing at required uniform rate. The advantage of using three cylinders in every row 
is that it gives more capability of using light or heavy fabric weight. 
The pneumatic cylinders and servo-motor which controlled the motion of extra take-up device 
must be connected by a control program and system data to be transferred from a computer 
to the mentioned devices in the weaving machine to guarantee a simultaneously same 
starting point for the beginning of the movements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Pulley  
2 Pressing roller 
3 Belt drive   
4 Take-up rollers  
5 Servo-motors   
6 Help rods 
7 Device holder  
8 Spacer fabric 
 
 
 
 
Fig 5.26: The developed take-up device /58/ 
5.3.1.2.3 Servo motor  
Servo motor allows computer to control a linear-movement of extra take-up device. It is 
relatively an inexpensive method to remote control the linear movement. It is designed to 
move the output shaft through an arc of 180 degrees, any position of the weaving machine 
within this arc is selected, and held, based on input control signals. The control logic 
generates positive going pulse width control. With power applied and no pulses, the output 
shaft is free turning. The length of pulse tells the on-board electronics what angular position 
to move to and then stay at. Pulse widths between 0.5 and 2.5 milliseconds, and 2.5 
milliseconds will result in the output shaft moving 0 to 180 degrees /59/. 
 
 
4
6 8
Movement direction 
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5.3.2 Movement analysis of take-up and let-off processes 
The proposed dimensions of the spacer fabric are 45 mm for the length ‘ l ’ of ground fabrics 
and 30 mm for the height ‘ h ’ of wall-fabric which represents the distance between the upper- 
and lower fabrics. It is shown in Fig. 5.18 (page 48); the cross section in the warp direction 
whose mean weft density is 10 wefts per cm, on the other hand, the speed of the weaving 
machine is 75 rpm. That means, the weaving time for this length of fabric ‘’75 mm’’ is 60 s, on 
the other side, the speed of take-up device is 45=v mm.min-1. The warp density of wall-
fabric ‘ h ’ is half the warp density of ground fabrics ‘ l ’ as half numbers of warp yarns are 
shared in both ground fabrics ‘upper and lower’ however the other half yarns have to be 
floated during the weaving of wall-fabric. 
Basic parameters:  
Ground-fabric length ( l )   45 mm,            
Wall-fabric height ( h )       30 mm,
Machine speed ( MV ) ) or 75 rpm, -1s · mm 1.25( -1min · weft75 
Weft-density mean            ,  -1min · weft1 
Weaving time                    60 s. 
Fig. 5.27 illustrates the displacement of the spacer fabric on the fell point with machine speed 
equal to 75 weft.min-1. 
 
Fig. 5.27: The displacement and speed of the spacer fabric on the fell point 
5.3.2.1 Movement analysis of take-up process 
5.3.2.1.1 Movement analysis of take-up elements 
The developed take-up rollers must be moved forward at a constant speed which must be 
less than the speed of the fabric-movement on the fell point. The take-up rollers draw just a 
length of spacer fabric equal to the length of ground fabric (45 mm). On the other side, the 
length of woven fabric which is beaten up on the fell point during the same time is 75 mm. 
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The difference in length (30 mm) between the beaten-up and taken-up fabric-length is equal 
to the height of wall-fabric. The extra take-up roller has to be moved 15 mm oscillatory in the 
forward- and backward directions to form the spacer fabric shape. The movement-analysis of 
take-up rollers can be estimated from the following approximate equations:  
uptakev − t
l
= 1-mm·s 75.0
s60
mm 45
== .                    (5.1) 
with
uptakev −  - linear speed of take-up movement, 
l  - length of take-up in mm, 
t  - time in s.    
Diameter of take-up roller ( )  103  d = mm.     (5.2) 
Circumference of take-up roller (circ) d · π= mm, it follows for      (5.3) 
theoretical weft density
 mm·mm 45
   weft·mm75
1-
-1
==
uptake
M
v
V = 1.67  -1weft·mm =16.67  -1weft·cm .  (5.4)
Fig. 5.28 illustrates the displacement of take-up rollers and the linear-movement speed for 
take-up rollers equal to 45 -1mm·min . The actual mean of weft density in spacer fabric equals 
10 ,picks·cm  -1  on the other hand the theoretical weft density equals to 16.67  -1weft·cm . 
 
 
Fig. 5.28: The change in the displacement with decreased speed of the take-up rollers  
5.3.2.1.2 Movement analysis of the extra take-up roller 
According to the movement computations, the speed of the extra take-up must be constant in 
the forward-movement which takes exactly 59.6 second to move approx. 15 mm. On the other 
side its backward-movement period is 0.4 second to return back, this time is identical with 180 
degrees of the main-shaft rotation. Fig. 5.29 illustrates the change in the displacement of the 
extra take-up roller during two complete cycles (one-cycle period is 60 second).  
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Fig. 5.29: The change in the displacement of the extra take-up roller 
The changes in the acceleration and speed during forward- and backward movement of the 
extra take-up roller are illustrated in Figs. 5.30 and 5.31 respectively. The maximum and 
minimum values for the movement speed of the extra take-up roller are illustrated in Fig. 
5.32. 
The oscillating movement of extra take-up roller is 15.00 mm,
Forward-movement time         =1t  59.60 s,                                                          (5.5) 
Backward-movement time       =2t  0.40 s (approx. o180 ).                                   (5.6) 
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Fig. 5.30: The change in acceleration for the movement of the extra take-up roller 
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Fig. 5.31: The change in the speed for movement of the extra take-up roller 
• Movement analysis of the forward-movement: 
Theoretical speed of forward-movement ( 1v ) = s 60.59
 mm 15
=
1t
h
 = 0.25 -1mm·s . (5.7) 
• Movement analysis of the backward-movement: 
For the speed of the backward-movement the time has to be reduced for an amount to start 
and stop. For this reason the speed 2v  will be in average 2v = -41.95
-1mm·s . 
Theoretical speed of backward-movement ( 2v ) ==
2t
h
-41.95 -1mm·s .                      (5.8) 
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Fig. 5.32: The maximum and minimum for the movement speed of the extra take-up roller 
0.25 mm·s-1
- 41.95 mm·s-1 
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5.3.2.2 Movement analysis of let-off process 
The motion of the extra let-off device is achieved by pneumatics. The pneumatic cylinder has 
the simplest construction and converts the energy of compressed air quickly and easily into a 
mechanical motion better than the other methods which can be used. The flexibility of fluid 
power results because the medium of transmission is a flowing fluid, which allows flexible 
hoses to be used. This makes it very easy to change direction and transmit the power 
through angles. The movement of extra let-off device is realized by using a roller oscillated in 
vertical level. The oscillated cylinder is driven by using two pneumatic cylinders which have 
two-way directional valve for every one of them. Fig. 5.24 (page 54) illustrates two-way 
directional valve which controls on the downward- and upward movement of the extra let-off 
roller.  
The key element has to be taken into consideration is that the downward-movement of extra 
let-off roller must be identical with the backward-movement of extra take-up roller. The 
pneumatic cylinders have to be similar in length and cross section to secure identical vertical 
linear-movement for both of them, and therefore the tension of tight floated warp yarns during 
backward movement has to be equal.  
The maximum applied force of the let-off roller during its downward-movement owing to the 
pneumatic force must be only enough to allow for the tight warp yarns to slip through the 
ground fabrics. This force must be also less than the required force to draw the tight warp 
yarns from the warp beam; it can be secured by adjusting the load's ratio on the warp beam 
of ground yarns. From a practical point of view, it was found that the floated warp yarns must 
be tight and the load on its warp beam is heavier than the load on the warp beam of wall-
fabric. Figs. 6.12 and 6.13 (pages 97 and 98) represent the values of the tension force for a 
single warp yarn of the ground fabric and wall-fabric respectively, in the distance between 
warp beam and extra let-off device. 
5.3.2.2.1 Movement analysis of downward-movement for the extra let-off roller  
The movement of extra let-of roller is controlled only indirectly through the adjustment of air 
pressure. For this reason, the linear speed of backward-movement for extra take-up cylinder 
has to be taken into consideration when the air pressure has to be adjusted. The force of 
downward-movement for the pneumatic cylinders must be enough to draw the floated tight 
warp yarns and slip it through a limited length of the ground fabric. The force of downward-
movement must be less than the tension force of the warp yarns in the distance between 
tight warp beam and extra let-off device to draw just the floated warp yarns through the 
ground fabrics and keep the yarns on the other side of extra let-off roller tight. On the other 
hand the downward-movement displacement of let-off cylinder equals to the backward-
movement distance of the spacer fabric. Pneumatic controls the force of downward 
movement of the floated ground warp yarns with a force of 26.40 N which is divided evenly on 
104 warp yarns (experimental results, see chapter 6.4, page 97).  
The effective internal area of cylinder piston ( 1A ) during the downward-movement of extra 
let-off roller amount to: 
)-( · 21
2
21 rrA π= . (5.9) 
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Substituting for 1r , 2r  as illustrated in Fig. 5.33 in equations (5.9) then:                         
)4-10( · 221 π=A mm
2  ≈ 264 mm2.                       (5.10) 
 
 
Fig. 5.33: Two-way directional valve controls on the movement of extra let-off roller 
The pressure force ( 1PF ) of the pneumatic pump in addition to the weight force of the extra 
let-off roller ( ELRF ) must be less than the minimum tension force of the tight warp yarns in the 
distance between tight warp beam and extra let-off roller; on the other hand the tension 
forces on each side of the extra let-off roller are equal then: 
S
ELRP FnFF  · 
2
1 <
+ ,           (5.11) 
hence,                                    SELRP FnFF  ·  21 <+      (5.12) 
  
with   SF 
       
- the tension force of a single tight warp yarn in N in the distance between tight
warp beam and extra let-off device on the narrow weaving machine as 
illustrated in Fig. 6.12 (page 97). 
Substituting the minimum value of the tension force for a single tight warp yarn ( SF ) with    
42 cN and the number of tight warp yarns (n ) with 104 single yarns in equation (5.11) then: 
Slippage strength <
+
≤
2
1 ELRP FF
SFn  · ,                 (5.13) 
 from which: 
     68432
1 .
FF ELRP <
+ N.                                           (5.14) 
A1 
 
 
 
 
A2 
( ) 81 =φ d mm, 
( ) 202 =φ d  mm, 
12  A  A > . 
Pressure of downward-
movement (P1) 
Pressure of upward-
movement (P2) 
Directions of the travel 
d2
d1 
                                                                                                5 Technical solution’s system     
                                                                               
 
64 
 
The theoretical value of 
2
1 ELRP FF + according to the laboratory tests as shown in Fig. 6.33 
(page 114) which represents the slippage strength value for the warp yarns of the ground 
fabrics by using modified straight warp weave with a length of 12 mm for the ground fabrics, 
is identified with the practical value of slippage strength for the ideal experimental sample 
with value 26.40 N then:            
2640
2
1 .
FF ELRP =
+ N,                                            
(5.15) 
then: 52801 .FF ELRP =+ N.                                            (5.16) 
 
Where the weight of let-off roller ( 2m ) equals kg5.3 then:    
ELRF= 81.9 · kg 5.3 -2s · m= 34.34 N (5.17) 
Substituting this value in equation (5.15) then the result is: 
18461 .FP = N.                                                      (5.18) 
The pressure force is achieved by using couple of pneumatic cylinders, then air pressure 
( CP ) determined as the following equation: 
12A
FP PC = . (5.19) 
Substituting the values of 1PF  (5.18) and 1A  (5.10) in equation (5.19) then it amount CP  to: 
5087.PC = kPa.                                                   (5.20) 
 
5.3.2.2.2 The movement analysis of upward-movement for extra let-off roller  
The effective internal area of cylinder piston ( 2A ) during the upward-movement of extra let-
off roller amount to:                          
2
22  · rA π= .     (5.21) 
Substituting for 2r  as illustrated in Fig. 5.33 (page 63) in equations (5.21) then:                                            
163142 .A = mm
2.                                                (5.22) 
The pressure force for the upward-movement ( 2PF ) can be calculated as the following 
equation: 
22  · 2 APF CP = .                                                      (5.23) 
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Substituting the values of CP  (5.20) and 2A  (5.22) in equation (5.23) then the pressure force 
2PF  amounts:      
98542 .FP = N.                                                      (5.24) 
The required force for the upward-movement ( UPF ) for extra let-off roller equals the 
difference between the pressure force of pneumatic cylinders and the weight force of let-off 
roller the: 
ELRPUP FFF -= 2 .    (5.25) 
Substituting the values of equations (5.3) and (5.17) in equation (5.25) then: 
64.20=N )34.34-98.54(=UPF N.                     (5.26) 
As indicated before, the displacement of let-off roller (S ) equals half the height of wall-fabric 
(15 mm) and the other movement parameter can be determined in the following equations:  
2m
F
a UPUP =  (5.27) 
Substituting the values of equations (5.26) and the weight of let-off roller ( 2m ) equals 53.  kg 
then: 
90.5
kg 5.3
N 64.20
==UPa
-2s · m ,                                 (5.28) 
and: 
  
UP
UP a
St 2= , (5.29) 
with S  equals 15 mm  
hence: 07.0=UPt s,                                                          (5.30) 
and: 
  
UP
UP a
St 2= , (5.31) 
then: 30.210=UPv mm·s-1.                                           (5.32) 
 
with:  
UPa  - acceleration of the upward-movement for extra let-off roller, 
  
UPv  - speed of the upward-movement for extra let-off roller, 
  
UPt  - time of the upward-movement for extra let-off roller, 
  S  - displacement during upward movement for the let-off roller. 
Fig. 5.34 illustrates the change in the displacement of the extra let-off roller during two 
complete cycles. It was found from a practical point of view as it is concluded in weaving 
investigations, that the extra let-off roller must be dwelt after the downward movement for 
twelve revolutions (12 picks in the chosen fabric structure). During dwell period, the extra let-
off roller remains stationary at the down-level for a period of time equal 9.6s at a machine 
speed of 75 rpm. 
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Fig. 5.34: The change in the displacement of the extra let-off roller 
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Fig. 5.35: Comparison in the displacement between extra take-up and extra let-off rollers 
The backward movement of the extra take-up roller must be synchronous with the 
downward-movement of extra let-off roller as shown in Fig. 5.35 which illustrates a 
comparison in the displacement between extra take-up and extra let-off rollers. The changes 
in the acceleration and speed during downward- and upward movement of the extra let-off 
roller are illustrated in Figs. 5.36 and 5.37 respectively.  
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Fig. 5.36: The change in the speed for movement of the extra let-off roller 
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Fig. 5.37: The change in acceleration for the movement of the extra let-off roller 
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5.3.3 Analysis of the exchanged forces for let-off and take-up processes on the narrow 
weaving machine 
The main purpose of this analysis is to calculate the distributions of forces between 
mechanical components and the warp yarns on the narrow weaving machine. The changes 
in the warp tension and fabric forces on the weaving machine have to be determined 
experimentally and theoretically. Figures 5.38-5.40 (pages 69-70) illustrate the exchanged 
forces during the forward and backward -movement of the spacer fabric on the narrow 
weaving machine. 
In any weaving operation, it is important to maintain proper tension of the warp yarns. In   
order to obtain a stable fabric and to form a proper shed, a high degree of tension has to be 
applied to the warp yarns. The high tension is particularly important when weaving high 
tenacity materials due to its low elongation. For this reasons, the forces between mechanical 
components, the warp yarns and fabrics have to be distributed carefully. The distributions of 
exchanged forces between warp yarns and the spacer fabric have to be changed during 
weaving process on the narrow weaving machine. Referring to Fig. 6.12 (page 97), for the 
experiment used yarn the maximum value of the tension force for a single tight warp yarn of 
a ground fabric during weaving equals 51 cN in the distance between the lower warp beam 
and extra let-off device, and the minimum value equals 42 cN. That means the maximum 
value of tension force for all tight warp yarns must be less than the component of them (104 
yarns), hence the maximum value is less than 54.08 N, on the other side the minimum value 
equal approx. 43.68 N. It is likewise concluded from Fig. 6.13 (page 98) that the maximum 
value of the tension force for all warp yarns (104 yarns) of a wall-fabric during weaving equal 
44 N. 
It is taken the pattern number 208 (Appendix C, table C.3, page 148) as the ideal case for the 
elements of fabric construction which realize practically the best weaving condition, the 
slippage strength of floated ground warp yarns equal 40.26N. The exchanged forces 
between woven spacer fabric and warp yarns can be distributed depending on the movement 
direction during weaving process as illustrated in Figs. 5.38-40.  
The forces have to be analysed according to weaving phases from both practical and 
theoretical points of view, to achieve that the analysis of the required forces have to be 
distributed as follow:  
1. The forces of let-off process. 
2. The forces of the forward-movement of the extra take-up device. 
3. The forces of synchronous movements, backward-movement of the extra take-up and 
downward-movement of extra let-off devices. 
4. The forces of upward-movement of extra let-off device. 
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WFYF Tension force of wall fabric yarns GFYF Tension force of ground yarns 
1F Weight force of back roller 2F, 3F Tension force of ground yarns 
ELRF Weight force of extra let-off roller PF Pressure force of pump roller   
1TF, 2TF Tension forces on each side of the extra take-up roller ETRF Static forces of extra take-up roller 
Fig. 5.38: The forward-movement of the extra take-up device on the narrow weaving machine 
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Fig. 5.40: The upward-movement of extra let-off device 
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Fig. 5.39: The synchronous backward-movement of the extra take-up and downward-movement of extra let-off devices  
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5.3.3.1 Analysis of the required forces for let-off process  
The let-off motion on the narrow weaving machine is a negative or dynamic frictional action. 
The advantages of this let-off method are its simplicity, cheapness, and adaptability. The 
warp beams turned by the tension in the warp sheet acting against a frictional resistance. 
The braking force is applied to a ruffle (2) in the form of a pulley on the both ends of the warp 
beam (1) by a ribbon (3) as shown in Fig. 5.41.   
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
Referring to Fig. 5.41, the slack side of the ribbon is fixed to the bar A on the holder of warp 
beams. Its tight side is fixed to bar C on the weight lever AB. In the actual mechanism, the 
force exerted by the weight lever (5) is transmitted indirectly to the pivot A (4), but the 
mechanism behaves as through the weight lever (5) to the pivot point A, which extends the 
full width of the holder of warp beam (1). Two levers, one at each side of the warp beam are 
turned around the bar A. The tension force on each side of the beam roller is equal. The 
tension of ground yarns ( GFYF ) is increased sufficiently to overcome the weight which 
systematizes the rotation of the beam. The resultant force GFYF  is tending to turn the lever AB 
on clockwise and therefore to raise the weight lever and reduce the tension in the tight side 
of the ribbon. When the system is in equilibrium, the tendency of GFYF  to produce clockwise 
rotation and that of the weight to produce anti-clockwise rotation are in balance. If the warp 
tension ( GFYF ) increases, the weight lever (5) would turn slightly clockwise, which would thus 
reduce the tension force in the tight side of the rope and hence the braking force. 
Fig. 5.41: The forces on negative let-off device of the tight warp yarns 
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Conversely, if the warp tension decreases, the weight lever would turn slightly anticlockwise; 
this would increase the braking force. An increase or decrease in the warp tension is 
therefore immediately corrected. 
The essentials of a friction let-off mechanism are shown in Fig. 5.41 Let the tension force 
warp yarns of the ground fabrics be GFYF and the radius of the warp yarns on the warp beam 
is 1r . The turning moment is therefore 1 · rFGFY . In opposition to this turning moment is the 
friction force ( RF ) acting at the ruffle radius ( 2r ). With the system on the point of rope 
slippage i.e.:                                             
21   ·   · rFrF RGFY = .      (5.33) 
Referring to Fig. 6.13 (page 98), the maximum value of GFYF  equals approximately the sum 
of the tension force of all single ground warp yarns (104 yarns), which is 0453. N, on the 
other hand the minimum value equals 43.68 N. The friction force ( RF ) act on both ribbons.                           
rrR FFF 2== ∑ .      (5.34) 
That means the value of RF  equals the frictional force on one side of warp beam. The 
frictional force RF  is the difference between the tight-side tension force ( TF ), and the slack-
side ( SF ) at the point of slippage:                       
str FFF −= .          (5.35) 
Slippage occurs when the angle of contact is θ  and the coefficient of friction between rope 
and ruffle isµ .            
At this time µθ= eF
F
s
t .      (5.36) 
From equation (5.35) follows:   
µθ−= e
FFF ttr  or                                                 (5.37) 
     )11( · µθe
FF tr −= .         (5.38) 
Hence, the sum of friction force (∑ rF ) for both sides, is     
 )11( · 22 µθe
FFFF TrRr −===∑ . (5.39) 
thus:                                                           )/11( 2
µθeFF RT −= .   (5.40) 
From:                                      0=∑ AM ,    (5.41) 
follows:  
lllll  ·  ·  ·  · )sinsin( · sin 13223211 WWGFYGFYT FFmgbFbFF ++=++α  (5.42) 
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with: 32321  ·  · )sinsin( ll WGFYGFY FbFbF =+ . (5.43) 
Subtracting this value in equation (5.20) (page 64) gives: 
41211  ·  ·  · sin lll WT FmgF +=α , (5.44) 
and thus: 
         4
21
1
 ·  · sin
l
ll mgFF TW
−
=
α      (5.45) 
The actual effective data are the following:                                                              
52,312,100.202 === πθ o ,  o00.69=α , o00.551 =b , 
o00.552 =b , 
o601 =′b , 
o00.302 =′b ,  00.702 =r mm, 00.801 =l mm, 00.15022 =′= ll mm,  
00.21033 =′= ll mm, 00.30044 =′= ll mm, 881  .m = Kg, 44.18 · ≈gm N.     
2WF  equals the effect of the lever weight at this point.  
From equations (5.40) and (5.45), the weight of the load at the end of lever AB can be 
determined according to the different parameters of the equations.  
5.3.3.2 Analysis of the required forces for the forward-movement of the extra take-up 
device 
During this movement, the spacer fabric must be removed from beat-up area. Take-up of 
spacer fabric is achieved by the rotation force of take-up rollers which turn continuously in 
one direction as illustrated in Fig. 5.42 (page 74), hence the take-up rollers draw a regularly 
length of spacer fabric which equals the actual length of the spacer fabric. On the other side, 
the extra take-up roller moves oscillatory in a horizontal line for a length equal to half the 
height of wall-fabric. The analysis and calculations of the tension forces in the forward 
movements of extra take-up roller and take-up device can be determined by the equations 
presented in the following. 
The tension forces on each side of the extra take-up roller are equal: 
 121 2 TTTETR FFFF =+=  (5.46) 
 where: 21 FFF WFYT +=      (5.47) 
 and: 12 FFF GFY += .     (5.48) 
Substituting this value in equation (5.47) then: 
11 FFFF GFYWFYT ++= ,   (5.49) 
and 1F , ELRF  can be written as: 
 11 = mF · g ,      (5.50) 
 2= mFELR · g .      (5.51) 
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Where 1m , 2m  are the weight of back and the extra let-off rollers respectively, and can be 
taken as 052.11 =m kg, 5.32 =m kg. The weight of back roller is determined in accordance 
with the values of pressure force of pump roller ( PF ) (Fig. 6.13, page 98). 
Substituting for 1m , 2m  in equations (5.50), (5.51) leads to: 
32.101 =F N                                                          (5.52) 
and: 34.34=ELRF N.                                                    (5.53) 
The tension forces on each side of the extra let-off roller are equal then: 
32 FF = .   (5.54) 
The maximum tension force for the warp yarns of the ground fabrics which concluded from 
Fig. 6.12 (page 97) is 0854.FGFY = N. Likewise, the maximum tension force for the warp 
yarns of the wall fabrics which concluded from Fig. 6.13 (page 98) is 20.43=WFYF N. 
Substituting these values in equations (5.47), (5.48) and (5.49) then:  
20.21560.107 · 22 1 === TETR FF N,                           (5.55) 
60.10740.6420.43221 =+=+== FFFF WFYTT N,   (5.56) 
40.6432.1008.5412 =+=+= FFF GFY N.                (5.57) 
                      
 
                                                           
 
Fig. 5.42: The distributions of forces during the forward-movement of the extra take-up and 
                 take-up processes 
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5.3.3.3 Analysis of the required forces for synchronous backward-movement of the 
extra take-up and downward-movement of extra let-off devices 
The suddenly backward movement of extra take-up device must be simultaneously with the 
forward movement of extra let-off roller to lower-level. This movement takes 0.4 second at a 
machine speed of 75 rpm which equals just 180 o degree of the crankshaft-rotation. Fig. 5.43 
represented the distributions of forces during the forward-movement of the extra let-off and 
take-up processes. The distributions of forces can be determined by the following equations. 
The tension forces on the extra take-up roller equal: 
12 TETR FF =                                      (5.58) 
where: 
231
PELR
T
FFFF +== . (5.59) 
Substituting the values of equation (5.15) (page 64) and equation (5.53) in equation (5.59) 
then: 
26.4031 == FFT N.                                                    (5.60) 
Substituting these values in equation (5.58) then: 
52.80=ETRF N.                                                         (5.61) 
                         
 
 
 
 
 
 
 
Fig. 5.43: The distributions of forces during the forward-movement of the extra let-off and  
                 take-up processes  
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The value of tension forces for the floated warp yarns of ground fabric ( 2F ) must be equal to 
64.40 N (equation 5.57, page 74) because the required force to draw the floated warp yarns 
to be drawn from warp beam must be minimum 6843. N (experimental results, see chapter 
6.4, page 97), in addition to the weight force of 1F  which equal 2813. N that means, the 
minimum value of required force is 9656. N. On the other side the floated warp yarns have to 
be loosed for 30 mm on the upper- and lower ground fabrics. It was found according to the 
results of slippage strength for the ideal pattern equals 2640. N (Appendix C, table C.3, page 
148). 
Under this condition follows: 
32 FF > .   (5.62) 
5.3.3.4 Analysis of the required forces for upward-movement of extra let-off roller 
The extra take-up roller has to reverse its backward-movement to forward for a period of time 
before the suddenly upward-movement of the extra let-off roller. During this time a length of 
the upper- and lower ground fabrics has to be woven to secure the stability of intersection 
lines between wall (fold) fabric and ground fabrics. This period of time is determined on the 
basis of elements of fabric`s construction and the machine speed. It is found that the best 
rate of intersection between wall and ground fabrics is achieved after the insertion of 12 wefts 
in the ground fabrics as indicated later in the weaving investigations (see chapter 6.3, page 
90). Referring to the analysis of pneumatic forces (pages 64-66), the upward-movement of 
extra let-off roller period of time takes a fraction of second (0.07 s) at a machine speed of 75 
rpm. The distributions of forces during the upward-movement of extra let-off roller can be 
determined by the following equations.   
The values of pressure force of the pump cylinder ( PF ) to upper level of extra let-off roller 
was determined to 98.54 N as indicated the analysis of pneumatic forces (page 65) then: 
9854.FP = N.                                                             (5.63) 
As a reaction to the suddenly upward-movement of the extra let-off roller, the back roller 
moved to its lower level as shown in Fig. 5.46 and it draws a length equal to the height of the 
wall-fabric. The weight force of the back roller was determined from the difference between 
the pressure force of and weight force of extra let-off roller it follows: 
21
ELRP FFF −=. (5.64) 
Substituting the values of equations (5.59) and (5.63) in equation (5.64) then: 
32101 .F = N                                                              (5.65) 
and: 321012 .FF == N.                                      (5.66) 
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The tension forces on the extra let-off roller equal: 
321032 .FF == N                                                     (5.67) 
with: 525321 .FFF WGYT =+= N.                                        (5.68) 
The tension forces on the extra take-up roller equal: 
21 TTETR FFF += .   (5.69) 
Substituting the value of tension forces for the take-up rollers ( 2TF ), which is always constant 
as in equation (5.60) and the value in equation (5.69) then: 
08.164=N )56.110+52.53(=ETRF N.      (5.70) 
 
 
 
 
 
 
 
 
Fig. 5.44:  
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6 Experimental work 
6.1 Research methods 
In general, the research methods are based on two different procedures; the first procedure 
is the experimental work which represents experiments of weaving which produced the 
principle material (the fabric) to be tested and analyzed. The main purpose of this analysis is 
related to determination of the required forces during the weaving process of spacer fabrics. 
It measures also the performance of the developed devices on the weaving machine. The 
second procedure is the statistical analyses, which study the different variables of the 
research elements and linking between them to achieve the optimal case. 
Experimental  
The experimental method has to be used because it is interested in understanding the 
relations between the research variables and it allows detecting cause-and-effect 
relationships between them. On the other side, this method makes it possible to use both 
practical- and scientific analysis, to manipulate the variables, if there is any problem in the 
experimental work. However, a major limitation for this method is that it can only be used to 
manipulate the elements of research variables. The second limitation of this method is that 
experimental studies are usually done in the highly controlled setting of the laboratory. These 
conditions are reflected what really happens during the weaving process of the spacer 
fabrics. 
Only by these highly controlled experiments, it could be sure that the observed changes in 
the dependent variable which is the slippage strength are in fact caused by the changes in 
independent variables. By experimental work, the fabric structures independent variables 
which are fabric construction, number of construction repeat and weft density could be 
researched and manipulated.  
Statistical analysis  
Statistical analysis of the laboratory tests results helps to organize data and focus the light on 
the weak and strong points in the research. It helps also in studying the results with a view to 
help in improvement of the fabric specification. 
Statistical analysis isn't only a mathematical technique for summarizing data; it is also a 
descriptive method shares indirectly in manipulating variables especially if the experimental 
method has to be repeated with the aim of improving the specifications of the product. It 
doesn't prove or disprove the cause-and-effect relationship between the research variables. 
Only the experimental method can do that. 
The strength of this method lies in the fact that it can be used to determine if there is a 
relationship between the research variables without having to directly manipulate those 
variables. Statistical analysis also can be used as a basis for prediction. For instance, if it is 
known that two variables are highly correlated, it can be predicted the value of one by 
knowing the value of the other.    
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6.2 Development of the spacer fabric geometry 
Geometry of spacer fabrics construction plays an important roll at the design level to check 
the suitability of the construction elements and to determine precisely the position of the 
reinforcement. The woven fabrics generally consist of two sets of yarns that are interlaced 
and lie at right angles to each other, in spacer fabrics; yarns are arranged by different ways 
in 3D-directional orthogonal construction, as mentioned before.   
The spacer fabric geometry has a dominant role in determining their mechanical properties 
and their success or failure mechanisms. The mechanical properties depend on some 
parameters such as yarn type, number of yarns per set, spacing between adjacent sites, 
volume fraction of yarn in each direction and preform density, in addition, the spatial 
orientation of reinforcements has much more effects. The spacer fabrics structures define 
their production methods which all affect on the properties of final product. These spacer 
fabrics preforms with various architectures can be fabricated by using face-to-face weaving 
technique in which two ground fabrics are woven simultaneously and the connecting wall-
fabric. The distance between the upper and lower ground fabrics is equal to the height of 
wall-fabric. 
There are many required key features have to be taken into account in the development of 
the spacer fabric geometry for example: 
• The spacer fabric has to be taken rectangular or zigzag shape. 
• The height of the rectangular or zigzag shape must be equal to the height of the spacer 
fabric. 
• The construction elements of upper- and lower ground fabrics have to be identical. 
• The excellent selection for the applied fabric structures would to be secured the best 
required properties in both ground and wall fabric. 
• The weft-density has to be equal in ground and wall fabric as much as possible. 
• The simplicity procedures of the weaving machine development to produce the spacer 
fabric. 
• The spacer fabric doesn't have to be required any additional operations after weaving 
process e.g., sewing operation, etc. 
6.2.1 Development of the spacer fabric shapes   
The spacer fabric geometry is described by using a 3D-geometric shape. Three basically 
directions pertaining to spacer fabric are assigned in a Cartesian system (x, y and z). The x-
axis represents the weft direction of the fabric, the y-axis represents the warp direction of the 
fabric and z-axis represents the vertical direction of the warp yarns for the wall-fabric. The 
formation of spacer fabric depends generally on the creation of a wall-fabric between the 
upper- and lower ground fabrics. Many construction shapes have been developed to select 
one or more which achieved the best performance for the spacer fabric. On the other side, 
the construction shape has to be attained the required features as discussed before. Fig. 6.1 
illustrates proposed construction for zigzag shapes which is one of the suggested shapes for 
spacer fabrics in 3D by SFB 639.  
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Fig. 6.1: The proposed construction for zigzag shape in Fig. 4.1 (page 31) 
The proposed construction of zigzag shape in Fig. 6.1 can be woven by the analogy with the 
principle of face-to-face fabrics, or the principle of plissé weave as shown in Fig. 6.2A, B 
respectively. For the principle of face-to-face fabrics, two series of wefts have to be used; 
one for the upper-ground fabric and the other for lower-ground fabric. It must be kept in mind 
that the weft insertion system must be checked to secure the similarity of weft density in wall 
and ground fabrics. The warp consists of three series of yarns, two series for the upper- and 
lower ground and the third one for wall-fabrics. The wall fabric lie between the upper and 
lower-ground fabrics and for the purpose of interlacing with them, it interlaces alternately at 
the regular intervals with a weft yarn of upper-fabric (WU) or a weft yarn of lower-ground 
fabric (WL), thus achieving the required inter-layer cohesion as shown in Figs. 6.2A, B.  
The wall-warp yarns have to be much longer than warp as illustrated in Fig. 6.2; it will be 
obvious that three beams are necessary for this construction to be woven. The ground 
beams is very heavily tensioned whilst the wall-fabric beam is only under slight tension. 
During weaving, the weft WU or WL sliding between the ground ends and return backward 
after beating-up as it is shown in Fig. 6.3A, but by beating-up the next weft Wu\ or Wl\ which 
pushes the old weft WU or WL forward to the true fell position because the first weft are 
structurally locked with the second weft WU\ or WL\. 
The advantage of this construction is: 
• The identity in element of fabric constructions for wall and ground fabrics, e.g., in fabric 
cover factor, weft and warp yarns density, etc. 
The disadvantages of this construction are: 
• The weakness of the intersection between the wall-fabric and upper ground fabric owing 
to using just one weft yarn in the ground fabrics to be intersected with the wall fabric. 
• The necessity to equip the weaving machine with three warp beams. 
Wall-fabric
WL 
WU Upper-ground fabric
Lower-ground fabric 
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The proposed construction for rectangular shape shown in Fig. 6.3 has to be woven by a 
method combines between the principle of plissé (chapter 2.2.1, page 11) and face-to-face 
fabrics. For this construction shape, two series of wefts can be used but the warp consists of 
three series of yarns for the upper- and lower ground and the wall fabric. The wall fabric 
interlaces at regular intervals with a weft yarn of upper-fabric (WU). The distance between the 
ground fabrics is designed according to the required height of the spacer fabric.  
Fig. 6.3: The proposed construction for rectangular shape in Fig. 4.2 (page 31) 
The advantage of this construction is: 
• Excellent strength of the intersection between the fold-fabric and lower-ground fabric, due 
to the continuance of intersection for a wall-fabric with lower ground fabric. 
The disadvantages of this construction are: 
• The weakness of intersection between the wall-fabric and upper-ground fabric owing to 
using just one weft yarn in the ground fabrics to be intersected with the wall fabric. 
• The stability of the fold-fabric isn't good, as it has two layers without any interchange 
between them in the distance between ground fabrics. 
• The necessity to equip the weaving machine with three warp beams. 
From a practical point of view, it is found that the structure of zigzag shape don't fulfill the 
desired characteristics which must be found in a spacer fabric. For this reason, the 
development of zigzag construction shape has to be moved away. There are practically an 
unlimited number of rectangular structures that can be developed with taking the properties 
of fabric into consideration. The mechanical behaviour of the spacer fabric is affected to a 
large extent by the pattern and area of intersection between wall and ground fabrics. As a 
result, spacer fabrics made of the same specification may differ greatly in properties if the 
intersection pattern is different.  
 
 
Wall-fabric
WU 
Lower-ground fabric 
Upper-ground fabric
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6.2.2 Development Steps of the spacer fabric structures  
As described before, it can be supposed the shape of interchange between wall-fabrics and 
intersection between wall and ground fabrics, hence the most important feature for the 
selection of spacer fabric structure depend briefly on three elements: 
• The wall-fabrics must intersect alternately with upper- and lower ground fabrics. 
• Interchange between wall-fabrics at the mid-point in the height line of the spacer fabric 
must be taken into consideration. 
• The forward- and backward movement of warp ground yarns must be take in 
consideration to reduce the number of warp beams as possible. 
In addition to all of the above elements, the structures of wall and ground fabrics play an 
important role in the spacer fabric features, but this element has to be discussed later 
(chapter, pages 91-97).  
The development stages of the interchange and intersection between wall and ground fabrics 
can be classified under the defined headings and the following conditions give the principal 
structural stages with the simple schematic diagrams. Fig. 6.4 illustrates the basic principles 
of each structure which have to be woven by using face-to-face technique: 
o Vice versa intersection between two plissé fabrics 
This method combines between the principles of plissé and face-to-face weaves in which two 
plissé fabrics are woven simultaneously to create spacer fabric as represented in Fig. 6.4A. 
Two separate plissé fabrics, each of them has its own warp and weft yarns. The fold fabric 
(which represents a wall of spacer fabric) of each plissé fabric is intersected alternately with a 
weft from the other fabric alternately at an equal distance from each other. For this structure 
only two series of wefts can be used but the warp consists of three series of yarns, two for 
the upper- and lower ground and the third for the fold fabrics (wall fabrics) of plissé fabrics.  
The wefts WUS and WLS in Fig. 6.4A represented the intersection wefts between wall-fabric 
and upper- and lower ground fabrics respectively. On the other hand, WU, WL represented the 
wefts at which the backward movement of the upper- and lower ground fabrics respectively 
has to begun.  
The disadvantages of this structure are: 
• The weakness of intersection between the wall-fabrics and ground fabrics owing to using 
just one weft yarn in the ground fabrics to be intersected with the wall fabric. 
• The necessity to adjust the weaving machine with three warp beams, in addition to two 
extra let-off devices for backward movement of ground fabrics. 
• There is no interchange intersection between the two layers of wall-fabrics, which leads 
to low stability in spacer fabric. 
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A: Vice versa intersection between two plissé fabrics 
 
B: Intersection between two plissé fabrics at the mid-height line of the spacer fabric 
 
C: Interchange of intersection for two wall-fabrics with ground fabrics 
   
 
 
    D:  
  
Interchange of intersection for two wall-fabrics with ground fabrics and with  each other 
at the mid-height line of the spacer fabric 
 
Fig. 6.4: 
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o Intersection between two plissé fabrics at the mid-point in height line of the spacer 
fabric 
This method is similar to the first stage, but the fold fabric height (which represents a wall-
fabric) of each plissé fabric is equal to the half height of the first one, if both of spacer fabrics 
have identical dimensions. The intersection between fold fabric of upper plissé and the fold 
fabric of lower plissé takes place at the mid-point in height of the spacer fabric as shown in 
Fig. 6.4B.  
The advantages of this structure compared with the first structure are the following features: 
• Good strength of intersection between the fold-fabric and ground fabrics as a result of 
nature of the structure. 
• Good stability of wall-fabric as a result of intersection between fold fabrics at the mid-
height line of the spacer fabric. 
• Economic side in weaving process, owing to using weaving machine equipped with just 
two warp beams and an extra let-off devices for backward movement. 
The disadvantages of this structure are: 
• The weakness of intersection between the fold-fabrics at the mid-height line of the spacer 
fabric, owing to the intersected together in just one weft yarn (Ws). 
o Interchange of intersection for two wall-fabrics with ground fabrics  
This method is based on the principles of face-to-face fabric, in which two separate 
unstitched ground fabrics are woven simultaneously while double unstitched wall-fabrics 
connect vertically between them to create a spacer fabric. The distance between the upper- 
and lower ground fabrics is equal to the required height of the wall-fabric. Each of wall-fabrics 
intersects alternately with the upper- and lower ground fabrics as shown in Fig. 6.4C. 
The advantages of this structure are the following features: 
• Excellent strength of the intersection between the wall-fabrics and ground fabrics, due to 
the continuance of intersection for a wall-fabric with upper- or lower ground fabric. 
The disadvantages of this structure are: 
• The stability of the double wall-fabrics is not great, as there is not any interchange of 
intersection between them in the distance between ground fabrics. 
• The necessity to equip the weaving machine with three warp beams, in addition to two 
extra let-off devices for backward movement of ground fabrics. 
o Interchange of intersection for two wall-fabrics with ground fabrics and with  each 
other at the mid-height line of the spacer fabric 
This method combines between the second and third stages, is based on the principles of 
face-to-face fabric, in which two separate unstitched ground fabrics are woven 
simultaneously. To create the spacer fabric, double wall-fabrics are woven simultaneously 
and connect vertically between the upper- and lower ground fabrics as shown in Fig. 6.4D. 
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The double wall-fabrics interchange intersection between each other at the mid-height line of 
the spacer fabric; moreover they interchange intersection with the ground fabrics.   
The advantages of this structure compared with the first structure are the following features: 
• Excellent strength of the intersection between the wall-fabrics and ground fabrics, due to 
the continuance of intersection for a wall-fabric with upper- or lower ground fabric. 
• Good stability of wall-fabric, due to the interchange of intersection between two wall-
fabrics at the mid-height line of the spacer fabric. 
• Economic side in weaving process, owing to using weaving machine equipped with just 
two warp beams and an extra let-off devices for backward movement. 
Form previously analysis, it can be concluded that the best properties and weaving method 
achieved by using the rectangular construction, which has interchange of intersection for two 
wall-fabrics with ground fabrics and with each other at the mid-height line of the spacer fabric 
as shown in Fig. 6.4D. There is a very important point of thesis for all rectangular 
constructions has to be taken into consideration, it is the the difference in warp-yarns density 
between wall and ground fabrics. The structure of spacer fabric has to be developed in the 
part of weaving investigations. 
6.2.3 Development of the structure elements of woven spacer fabric 
The simplest type of woven spacer fabric perform is based on a three-directional orthogonal 
construction and has to be woven rectangular or triangular, block-type preform as shown in 
Figs. 4.1 and 4.2 (page 31) This type of preform consists of multiple yarn bundles located on 
Cartesian coordinates. The preform has to be described by yarn type, number of yarns per 
length unit, spacing between adjacent sites and volume fraction of yarn in each direction and 
preform density.  
Many integrated elements have to be taken into consideration to develop the spacer fabric 
construction for more isotropic preform: 
• Determine the absolute minimum weight for a given structural geometry, loading and 
material system. 
• Compare one type of spacer fabric construction with others. 
• Compare the best spacer fabric construction with alternative structural configurations. 
• Select the best material to minimize structural weight.  
• Compare the optimum construction weight to weights required when there are some 
restrictions; i.e. the weight penalty due to restrictions of cost, minimum gage, 
manufacturing, material availability, etc. 
6.2.3.1 Spacer fabric constructions 
A fabric weave is described as balanced if the same yarn and weight are used in both 
directions. All other waves are unbalanced, the extreme casa of unbalanced weaves are 
known as unidirectional because only a very small amount of weft yarn is used to keep what 
are effectively the unidirectional load carrying yarns together /60/. 
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Excessively loose constructions could distort dimensionally, whilst excessively open 
structures would lead to resin or matrix penetration. If the fabric construction is too open, the 
resin or matrix may not be able to bridge the gabs between the yarns to form continuous 
layer necessary for required performance. Only a relatively very small number of fabric 
structures have to be suggested for spacer fabrics, i.e. balanced and unbalanced plain 
weaves, some of derivatives plain weave and twill weave in which the yarns and wefts 
interlaced at 900 to each other /53, 62/.  
Balanced plain weave involves the regular interlacing of one warp to one weft thread over 
and under one another as illustrated in Fig. 6.5a, resulting in an equal amount of warp and 
weft yarns on either side of the fabric.  
Unbalanced plain weaves use more warp than weft threads or more weft than warp threads. 
To combine lightness of weight with high tear strength, rib-structures are shown in Figs. 6.5-
b, c have to be used /53/. 
Plain weave is the simplest structure, each warp yarn interlaced with each weft alternately. It 
increases the tensile strength, increases the tendency to wrinkle, and decreases absorbency 
more than in comparable fabrics made with weaves of other types. It is characterized by 
highest quantity of interlacing in comparison with other weaves, owing to its increasing in 
crimp values. On the other side, increasing in crimp ratio, causes decreasing in the cover 
factor of the fabric /18, 62/.  
Twill weave have yarn floats on the surface of the fabrics across two or more yarns of the 
opposite direction. Since the relative amount on interlacing in the twill weave is less than in 
plain weave, yarns can be packed closer, producing a thicker fabric. On the other side, fewer 
interlacings diminish the interfiber friction, which contributes to a greater pliability, softness, 
and wrinkle recovery of fabrics, but makes for lower strength /18, 62/.  
The satin weaves have long yarn floats (over four yarns minimum) with a progression of 
interlacing by definite number (over two yarns minimum).  A few interlacing of satin weave 
fabric increase the pliability and wrinkle recovery, but also increase yarn slippage and 
ravelling tendency. Fabrics of this type have a smooth, lustrous appearance because of the 
long floats /63/. 
The application of a tensile load in plane of the fabric will tend to straighten out the crimp, 
manifesting itself as a reduction in strength and stiffness of a fabric composite when 
compared to unidirectional tape of the same material. An obvious way to increase fabric 
stiffness is to reduce the amount of crimp by having as much of the warp and weft as straight 
as feasible. 
A modified oxford structure is shown in Fig. 6.5d which enhanced tear strength has to be 
used, weave which has double the tear strength of standard weave. As a result of the 
interlacing method between warp and weft yarns, which are paired, two up and two down. A 
mixed plain-rip structure are shown in Fig. 6.5e which has to be suggested to enhanced tear 
strength of pain weave, on the other hand the interlacing rate of rip-weave has to be 
increased. Figs. 6.5f, g, h represented a suggested twill weaves 1/2, 1/3, 2/2 resp. have to be 
experimented.  
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Fig. 6.5: The suggested fabric structures for spacer fabrics 
Yarn crimp is also affected by the pattern of yarn interlacing in a fabric; high frequency of 
interlacing increases yarn crimp. For example, the plain weave has the highest frequency of 
interlacing and therefore the highest yarn crimp level in both warp and filling yarn. Satin 
weaves have the lowest frequency of interlacing and hence lowest degree of yarn crimp. 
Increasing yarn crimp in a particular direction decreases the fabric modulus and increases 
the elongation in that direction. This is because the tensile load is initially used to decrimp the 
yarn which is relatively easier than extending the yarn.   
6.2.3.2 Spacer fabric set-up   
The number of yarns and wefts per length unit has a positive effect in the tightness of a 
woven fabric, which is measured by the frequency of yarns lying in both directions /64/.  
One of the most important functions of fabrics is the covering function.  Geometrical cover is 
the area of fabric covered by fibers and yarns and is characterized by fabric cover factor. The 
relative cover of fabric ( FRC ) is defined as the ratio of projected fabric surface area covered 
by yarns to the total fabric surface area and given by the following equation (Fig. 6.6): 
100 · ) · ((%) TPTPF RCRCRCRCRC −+= .     (6.1) 
Where PRC  is the relative warp cover and TRC is the relative weft cover. 
PPP dnRC  · = , (6.2) 
TTT dnRC  · = .   (6.3) 
    
Where  Pn  : Warp count, 
 
Tn  : Weft count (or filling yarn count), 
 
Pd  : Diameter of warp yarn, 
 
Td  : Diameter of weft yarn. 
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The maximum relative fabric cover is 1 in which the yarns touch each other. This situation is 
called the jamming state. Theoretically, the cover factor can be larger than 1 in which the 
yarns pile up on each other giving multilayer of yarns /24, 61/.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.6: Cover factor diagram of a plain weave /24/ 
6.2.3.3 Spacer fabric materials 
The nature of used material has an influence in the properties of the fabric, i.e. fabrics woven 
from continuous filament yarns are generally relatively stiff compared with fabrics woven from 
spun yarns. On the other side, fabrics woven from spun yarns which usually have better 
drape and softer handles compared to continuous filament woven fabrics. Fabrics woven 
produced from continuous filament textured yarns, or from a blend of yarns, have properties 
somewhere in between /53/. 
The strength of yarn influences the strength of fabrics made from the yarn, although the 
strength of fabric also depends on its construction. Elongation is an indication of the ability of 
a yarn or fabric to absorb energy. If the elongation at the break of warp yarns is too low, 
weaving becomes difficult or even impossible. On the other hand, low elongation yarns (and 
fabric made from them) have greater dimensional stability. 
 
 
 
 
NT : Number of wefts per cm,
NP : Number of warp threads per cm.
1/NP 
1/NT 
 dP 
dT 
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6.3 Weaving investigations  
The experimental samples had been woven and tested at ITB in TU Dresden, Germany. The 
weaving machine which developed and used is narrow weaving machine model NFRE (Q) 
(J. Müller Company) with face-to-face weaving techniques by using double weft-holders, 
there is a general description for  the narrow weaving machine in chapter 5.1 (pages 34-47).  
The basic automatic weaving motion includes three major mechanisms, known as shedding, 
picking, and beating-up, to interlace the warps and wefts forming the woven fabrics. In 
addition, two assisting operations, let-off and take-up, are included for weaving fabrics 
continuously /65/. 
Development of the narrow weaving machine is closed in assisting operations, let-off and 
take-up and enhancement for other weaving processes. Extra let-off and take-up devices 
must be constructed at the weaving machine. Extra let-off device has to be used for 
controlling in the warp yarns of wall fabric by pneumatic cylinder. On the other side, extra 
take-up device has to be controlled by using servo motor. 
The theory of motion of the additional take-up device depends on stability of the speed for 
the front movement of this device. The length of the basic fabric in upper and lower ground 
fabric is 45 mm, and the length of the wall-fabric is 30 mm that means, the front movement 
for additional take up device must be 15 mm. In the same time, the movement of take-up 
device must be 45 mm. The suddenly movement of extra let-off must be identical with the 
backward movement of extra take-up device. 
Wefts pass through the clear warp sheds separated by the four positions heald frames as 
two sheeds in the same time to form spacer fabric as it is shown in Fig. 6.7A. Weaving 
process as mentioned before, is achieved by using the technology of face-to-face weaving. 
For spacer fabric weaving, the heald frames of wall-fabric have four positions (high, high-
middle, middle-low and low). On the other hand the ground fabrics have two positions (high 
and middle-low) for upper fabric and (high-middle and low) for lower fabric as indicated the 
healds lifting plan in Fig. 6.7B and C. A ground warp for upper and lower fabrics must be tight 
and more tensioned than wall-fabric yarns which need to be much longer. For this reason, it 
is used two warp beams at the weaving machine, the tight warp beam for the ground yarns 
and the normal tension warp beam for the wall-fabric yarns. 
Double-wefts method represented in Figure 6.7A, two sheds are formed, one above the 
other, and two wefts are thrown across simultaneously, so that a pick is inserted in both the 
upper and the lower fabric at the same time. The upper and lower weft holders work as one 
set inserting weft at the top, and the other at the bottom fabric level. 
The weaving investigations of spacer fabric have passed through preparatory phases before 
its weaving. The main aims of that was the definition of the general shape of the woven 
spacer fabrics, in addition to definite the best structure elements for the wall and ground 
fabrics as mentioned before. The phases of weaving investigation are: 
• The individual weaving of the ground fabrics. 
• Weaving of the spacer fabric. 
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6.3.1 Elements of structures variables for the ground fabrics of the spacer fabric 
The main aims of the weaving of the ground fabrics are the determination of the best 
structures elements suitable for the ground fabrics of the spacer fabric. It is also an ideal 
method for the precise determination for the values of the slippage strength, it is carried out 
for the floated warp yarns through the ground fabrics in spacer fabric during the downward-
movement of the extra let-off roller which has to be synchronised with the backward-
movement of extra take-up roller. 
As it known that the relative cover of the wall-fabric is less than the other of ground-fabric. 
The reason is related to the interlacing rate in wall-fabric is just between wefts and 50% of 
warp yarns of ground fabric. Plain weave 1/1 had been chosen for the wall fabric as it 
achieves the least cover factor of all other fabric structures, owing to the increasing in 
intersections rates between warp and weft yarns which has an effect on the increasing of 
crimp rates more than other structures, because each warp yarn interlaced with each weft 
alternately. 
Plain weaves 1/1 have also many features to be chosen for the wall fabrics of spacer fabric. 
Those features are concluded in increasing in tensile strength and decreases absorbency 
more than in comparable fabrics made with weaves of other types. The increasing in 
intersections rates between warp and weft yarns makes the plain weaves fabric stable, 
stiffness and has a good resistance to distortion among the various woven structures.  
The experimental samples have been woven according to the variables of structure elements 
which are: 
• Materials 
• Woven constructions 
• Number of repeats for the fabric constructions 
• Wefts densities. 
A
                                                            B             C 
Fig. 6.7: Double-wefts shedding and healds lifting plan on narrow weaving 
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6.3.1.1 Materials 
The preparatory experimental samples had been woven by using the available materials, 
which are different in the properties and spinning methods, with the aim of determination the 
best elements of structure for the ground fabrics. The materials had been limited in polyester 
textured yarns to be used both in warp and weft directions and the second material is 
viscose. On the other hand, the standard samples had been woven by using PES (HT). The 
tensile strength of the used materials in weaving of experimental samples is illustrated in 
Appendix B (page 145).  
6.3.1.2 Woven constructions  
The woven constructions had been chosen from the suggested constructions in Fig. 6.5 
(page 88) for the ground fabrics of spacer fabrics. The interlacing of warp and weft yarns, 
draft system denting and weave diagram for the fabric constructions are shown in Figs. 6.8 – 
6.11 (pages 93-96). The specifications of the experimental samples are illustrated in 
Appendix A (tables A.1– A.3, pages 142-144) 
The first selected weave was a weft rib-construction 2/2 ( →2/2 R ); it has ribs or texture 
ridges across the fabric in the weft direction. This construction is the simplest of all filling rib 
designs but it has the highest frequency of interlacing and therefore the highest yarn crimp 
level in both warp and filling yarn in relation to the other selected constructions. Rib- 
construction is shown in Fig. 6.8, it characterized by lightness of weight with high tear 
strength.  
The second construction is a mixed between plain (L 1/1) and warp rip (R 2/2) constructions 
as shown in Fig. 6.9 which is better than the first construction weave in tear strength; on the 
other hand the interlacing rate of rip-weave has to be increased. The heald frames of the 
ground fabric of spacer fabric are similar in drafting system. 
The third construction is a regular (balanced) twill weave (T 2/2 Z) as shown in Fig. 6.10, in 
which a warp yarn passes over and under two wefts. The fourth construction is an irregular 
(unbalanced) twill weave (T 1/3 Z) as shown in Fig. 6.11, in which the warp yarn passes over 
one weft and then under three wefts.  
The advantages of this constructions twill weave have warp yarn floats on the surface of the 
fabrics across two or more wefts and warp yarns can be packed closer, producing a thicker 
fabric. Twill weaves in general have longer floats, fewer intersections and a more open 
construction and hence lowest degree of yarn crimp than a plain weave fabric with the same 
cloth particulars. On the other side, fewer interfacings reduce the interfiber friction, which 
contributes to a greater pliability, softness, and wrinkle recovery of fabrics, but makes for 
lower strength. 
For more flexibility, symbols were used in appendix (A, B, C and D) to denote the above-
mentioned constructions as the following: 
• Weft rib-construction 2/2 ( →2/2 R ) with symbol A. 
• Mixed construction of plain (L 1/1) and warp rip (R 2/2) weaves with symbol B.  
• Regular (balanced) twill weave (T 2/2 Z) with symbol C. 
• Irregular (unbalanced) twill weave (T 1/3 Z) with symbol D. 
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The interlacing of warp and weft yarns, draft system, denting and weave diagram 
for the weft rib construction ( →2/2 R ) of the ground fabrics 
Fig. 6.8: 
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The interlacing of warp and weft yarns, draft system, denting and weave diagram 
for the mixed construction between plain (L 1/1) and rip (R 2/2) 
Fig. 6.9: 
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The interlacing of warp and weft yarns, draft system, denting and weave diagram 
for the twill construction (T 2/2 Z)   
Fig. 6.10: 
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The interlacing of warp and weft yarns, draft system, denting and weave diagram   
for the twill construction (T 1/3 Z) 
Fig. 6.11: 
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6.3.1.3 Number of repeats for the fabric constructions 
Number of repeats had been limited in the light of the weft density and its thickness. The 
selected numbers of repeats were determined with four, six, eight times as the number of 
wefts in one repeat, with considering that the repeat of the first construction (rib 2/2) consists 
of just two wefts in warp direction, on the other hand, the other construction consists of four 
wefts in either direction.  
6.3.1.4 Wefts densities 
The wefts density affects the type of fabric produced, altering the density of a warp or weft 
yarns or one of them changes the appearance and the feel, or handle of the fabric /66/. The 
wefts density is used to describe the spacing of the weft in a woven fabric. In the spacer 
fabric, the warp densities which had been limited with a constant set for every used material, 
and the weft densities which had been varied. The variety of wefts densities are related to 
difference in the structures of the weft and warp yarns and their thickness.  
6.4 Technical measuring tests   
The main aim of this test is to measure the tension force for warp yarns on the narrow 
weaving machine by using PES (HT, 113 tex). The maximum value of the tension force for a 
single tight warp yarns during the rotation of main crankshaft, referring to Fig. 6.12 equals 51 
cN, and the minimum value equals 42 cN. Whereas the number of tight or floated warp-yarns 
is determined by 104 yarns. That means the maximum value of tension force for all tight warp 
yarns must be less than the component of them, hence the maximum value is less than 
54.08 N, on the other side the minimum value equals 43.68 N. Likewise, the maximum value 
of tension force for all warp yarns of wall fabric referring to Fig. 6.13 is 44 N. It is reached 
according to the discussion for the laboratory test results that the realized slippage strength 
for the ideal experimental sample is exactly 26.40 N as shown in Fig. 6.33 (page 113).  
 
Fig. 6.12: 
 
The tension force for a single tight warp yarn in the distance between tight warp 
beam and extra let-off device on the narrow weaving machine  
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This slippage strength for the floated warp yarns of the ground fabrics in spacer fabric is 
carried out during the downward-movement of the extra let-off roller which has to be 
synchronised with the backward-movement of extra take-up roller. It is considered due to the 
laboratory test results that the applied pressure force on the floated warp yarns of the ground 
fabrics has to be 2640. N during downward-movement of let-off roller. 
 
Fig. 6.13: 
 
The tension force for a single warp yarn of the wall-fabric in the distance between 
upper warp beam and extra let-off device 
 
6.5 Laboratory tests 
Because of the novelty of the production method for woven spacer fabrics due to the nature 
of its structures, the need demanded for the laboratory tests that can be used as a screening 
way to avoid the failure in its weaving process. The main aim of the laboratory tests consists 
in estimating the effect of various ground fabric structure on the results of slippage strength 
of the tight warp yarns during backward movement. 
Laboratory tests had been performed in accordance with standard procedures, which are 
recommended by the German Institute for Standardization (Deutsches Institut für Normung, 
DIN). A constitutive model consistent with the geometry of woven pattern is proposed. It is 
based on the experimental results achieved by biaxial tensile tests. 
The laboratory tests have limited in breaking strength test for the used materials in the 
weaving process which were PES (textured), viscose (SP) and PES (HT), in addition to the 
slippage strength test for the floated warp yarns through the ground fabrics. The slippage 
strength test represents a simulation method for the backward movement of the floated warp 
yarns on the weaving machine. For this reason, it is very essential that the slippage strength 
of ground warp yarns during the backward-movement is to be known.   
Every sample has a symbol contains a number of digits for the slippage strength test. The 
first two digits refer to the number of construction repeats (4X, 6X, 8X), the third digit refers to 
the used construction weaves which are (A, B, C, D) wherein A points to weft rib 2/2, B to a 
mixed construction between warp rib 2/2 and plain weave 1/1, C to twill 2/2 and D to twill 1/3. 
The forth digit marks the weft density (number of wefts per cm) which is 3, 4, 5, 10, 12 or 14.  
In addition to that there are two symbols point to the weave constructions of spacer fabrics 
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which are SW and MSW, the first one refer to straight warp weave and the second one to 
modified straight warp weave.  
The number of samples refers also to the used material, wherein samples from number 1 to 
36 had been woven by using PES (texture), from number 101 to 136 by using viscose (SP) 
and also numbers from 201 to 209 by using PES (HT).  For example the sample number 1 
which its symbol is 4XA3, refer to a sample was woven by using PES texture, its weave is 
weft rip, the number of repeats are 4 and the number of wefts are 3 wefts/cm. Then the 
number of possibilities samples is equal to 81 experimental samples. 
The executive specifications of the experimental samples with variables of woven structure 
elements to determine the slippage strength are described in Appendix A (tables A.1-A.3, 
page 142-144) and the results of laboratory tests for the materials reported in Appendix B 
(Figs. B.1 and table B.1, page 145). 
6.5.1 Description of slippage strength test 
The slippage of the floated warp yarns through the ground fabrics is a crucial stage in the 
weaving process of spacer fabrics during the backward-movement. The slippage strength 
test had been carried out for the ground fabrics with the following aims: 
• It is the best method to select the suitable structure elements for the ground fabrics which 
are construction, weft and warp densities and length of construction repeat, etc. 
• Determination of the ground fabric length (c1a2 in Fig. 6.16, page 101) through it the 
floated warp yarns must be slipped. 
• Prediction method for the required force for the backward movement. 
• Study the behavior of structure elements during the backward movement. 
• The precision determination of the expected partial distortion (or the appearance) for the 
length of fabric through which the tight warp yarns are drawn. 
The slippage strength tests had been carried out in the longitudinal direction of the narrow 
woven fabrics, Fig. 6.14 illustrates an experimental sample under the slippage strength test. 
The test pieces had to be extended at constant rate to the maximum value of slippage      
(point k, Fig. 6.15), on the other hand point i represented the maximum value of elongation 
which was recorded during the test as illustrated in Figs. 6.15 and 6.17. 
This test is identical with the strip test except that there is no raveling to form a fringe, where 
the strength and elongation can be measured and the full width of test piece being held in the 
jaws. The test strip is clamped lengthwise in the flat jaws of the testing machine so that all 
yarns within the fabric are held the tensile force which is progressively increases. The full 
width of the tested sample was 50 mm, on the other side the sample length between upper 
and lower jaws equal to 200 mm at the beginning of the test. 
The length c1a2 of the experimental samples as shown in Fig. 6.17B (page 102) represents a 
length of the ground fabric through it; the floated yarns must be slipped as shown in Fig. 
6.16. The selvage existence in both sides of the fabric test pieces prevents the yarns from 
popping out of fabric. That gives all warp yarns which are free from upper or lower side to 
share with their full burden in the slippage strength load. Another advantage of selvage 
existence is that it permits the free warp yarns to slip parallel with the upward-movement of 
the fabric jaw in the testing machine. This parallel movement simulates the slippage of 
floated warp yarns (3, 4) through a length of ground fabrics (length c1a2 of the upper ground 
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fabric and length c1´a2´ of the lower ground fabric) and the reed (8) during the back-ward 
movement as illustrated in Fig. 6.16A and B. Thus it secures high precision for test results. 
To avoid any error in the test results, it is important to cut the continuation of weft yarn at the 
point s and point m as illustrated in Fig. 6.17A (page 102). Cutting the weft yarn at these 
points prevents the participation of weft strength in the results of slippage strength test, which 
carried out just for the floated yarns. 
  
B. Zwick/Z100 testing machine A. An experimental sample under the test 
Fig. 6.14: An experimental sample under the slippage strength test 
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 Fig. 6.15:
 
 
The slippage strength-elongation curve for sample Nr. 103 (4XA5) which had 
been woven by using viscose (PS) and the construction of the ground fabric was 
weft rib 2/2. 
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Fig. 6.16: The formation stages of spacer fabric  
1 Upper ground fabric.           
2 Lower ground fabric. 
3 The floated warp yarns of upper ground fabric (length b1c1). 
4 The floated warp yarns of lower ground fabric (length b1`c1`). 
5 A length of ground fabric (c1a2 and c1´a2´) through it the floated yarns can be slipped. 
6 Wall-fabrics weaving. 
7 Exchanged warp yarns of the wall fabric. 
8 The reed. 
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Fig. 6.17: The behavior of the floated warp yarns during slippage strength test 
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6.5.2 Results of the laboratory slippage strength test 
The results of the slippage strength test for the experimental samples woven by using PES 
(textured) and viscose (SP), in addition to the simple linear regression equations, coefficient 
of  determination (R2) and correlation coefficient (R) had been determined in Appendix C 
(tables C.1-C.3, pages 146-148). Furthermore, the strength-elongation curves and the simple 
linear regression which represent the linear relation between any rates of elongation as an 
independent variable and the slippage strength as a dependent variable are illustrated in 
Appendix D (pages 149-162). 
 Figs. 6.18–6.23 represent comparisons between the different woven constructions of the 
ground fabrics and the values of slippage strength for the floated yarns. The comparisons 
based on keeping the construction repeats and used materials as independent variables for 
every comparison constant. From these comparisons, the results can be limited in brief in the 
following points: 
• There was in most cases an increase in the slippage strength of the floated warp yarns 
by the gradually increase of weft density whether PES (textured) or viscose (SP) were 
used for all woven constructions. The highest rates of slippage strength were achieved by 
using 14 wefts/cm for the experimental samples woven with PES (textured), and 5 
wefts/cm for the experimental samples woven with viscose (SP). 
• There was in general an increase in the slippage strength of the floated warp yarns by 
the gradually increase of construction repeats whether PES (textured) or viscose (SP) 
were used for all woven constructions. The highest rates of slippage strength were 
achieved by using construction repeat 8X for the experimental samples woven with PES 
(textured) or viscose (SP). 
• The weft rib 2/2 (cons. A) achieved the lowest value of the slippage strength for the 
floated warp yarns follow with mixed construction (cons. B) follow with twill weave 2/2 
(cons. C).  Twill weave 1/3 (cons. D) achieved the highest value of the slippage strength. 
Analysis of variance (ANOVA) had been analyzed for the difference between the slippage 
strength values of the construction weaves for the experimental samples. F-test had been 
calculated, the results of F-test indicate the significant at 95% confidence level between the 
slippage strength values of the different construction weaves by all using materials as 
mentioned in Appendix E (tables E.1-E.3 page163), these values insure that the variance 
between different fabric constructions is more than the variance inside any single 
construction.  
Referring to snedecor's table, it is recalled for the degree of freedom 3, 32, it is found that 
F0.95 (3, 32) value equals 2.90 at 95% confidence level and F0.99 (3, 32) equal 4.46 at 99% 
confidence level. By applying these values, it was found that the F-values between the 
different values of slippage strength for the experimental samples were as follow:      
• The F-value equals 4.04 for the experimental samples woven by using PES (textured) as 
illustrated in Appendix E (table E.1 page163); this value means that it is a significant 
difference between the four group of fabric constructions just at 95% confidence level. 
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Fig. 6.18: The relation between the construction and slippage strength of the floated yarns,  
                 the ground fabric with 4 repeats by using PES texture (22 tex) 
 
Construction repeat [6X]
0
1
2
3
4
5
6
7
8
9
10
Cons. A Cons. B Cons. C Cons. D
Constructions
S
tre
ng
th
 [N
]
10 Weft/cm 12 Weft/cm 14 Weft/cm
 
Fig. 6.19: The relation between the construction and slippage strength of the floated yarns,  
                 the ground fabric with 6 repeats by using PES texture (22 tex)
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Fig. 6.20: The relation between the construction and slippage strength of the floated yarns,  
                 the ground fabric with 8 repeats by using PES texture (22 tex)  
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Fig. 6.21: The relation between the construction and slippage strength of the floated yarns,  
                 the ground fabric with 4 repeats by using viscose (435 tex) 
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Fig. 6.22: The relation between the construction and slippage strength of the floated yarns,  
                 the ground fabric with 6 repeats by using viscose (435 tex) 
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Fig. 6.23: The relation between the construction and slippage strength of the floated yarns, 
                 the ground fabric with 8 repeats by using viscose (435 tex)
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• The F-value equals 4.39 for the experimental samples woven by using viscose (SP) as 
illustrated in Appendix E (table E.2 page 163); this value ensures the significant 
difference at 95%.   
6.6 Weaving of spacer fabrics 
6.6.1 Weaving of the preparatory samples of spacer fabrics  
It was very important to observe the behavior of warp and weft yarns of the ground fabric (the 
length c1a2 in Figs. 6.16 and 6.17, pages 101-102) during the slippage strength test which 
simulates a slow-motion for the backward movement of the floated warp yarns on the 
weaving machine. It was observed that this length of the ground fabric exposed to a large 
distortion-effects when it was subjected to the strength of slippage test for the floated ground 
yarns. The partial distortion which occurred between point c1 and point a2 for the ground 
fabric as shown in Fig. 6.16 was inconsiderable for all weft rip 2/2 samples compared with 
the other used constructions. On the other side the good appearance and dimension stability 
of the constructions were achieved by using high weft density (12 and 14 wefts/cm for the 
experimental samples woven by using textured PES and 5 wefts/cm for viscose samples) 
and also by using 6X and 8X repeats just for weft rip 2/2 (Fig. 6.8 page 93). The distortion 
behavior is related to the frictional slippage between fibers and yarns within the fabric 
structure at the interlacing points of the fabric under the strength of the slippage test. The 
distortion is closely related to fabric construction, weft density and length of repeat are the 
most important fabric structures which have direct influence on the distortion behaviors and 
the aesthetic appearance of the ground fabric.  
The inconsiderable distortion for weft rip 2/2 construction related to its increasing in 
intersections rates between warp and weft yarns per unit area more than other used weaves, 
because each warp yarn interlaced with each weft alternately. That makes this construction 
stable, stiffness and has a good resistant to distortion against the slippage strength more 
than other used woven constructions. It was found as mentioned above that the weft rip 2/2 
was a more suitable construction for the ground fabrics. For this reasons it had been chosen 
for the upper- and lower ground fabrics of the preparatory samples of spacer fabric and the 
plain weave 1/1 has been chosen for wall-fabrics in spacer fabrics. 
The preparatory experimental samples of spacer fabrics had been woven by using PES 
(textured, 22 tex) and viscose (SP, 435 tex) according to the specifications which are 
illustrated in Appendix F (table F.1 page 164). Furthermore, their heald frames lifting plans 
are shown in Appendix F (Figs. F.2-F.3 pages 165-166). The backward-movement of the 
floated warp yarns had been achieved manually. It is shown in Fig. 6.24 the preparatory 
samples of spacer fabrics which had been woven by using PES (textured, 22 tex) and 
viscose (SP, 435 tex).  
After the development of narrow weaving machine a new material had to be used, it was 
PES (HT, 113 tex) which is more suitable to use in the field of technical textiles. There were 
many advantages for the preparatory samples; the most important one of them was the 
choosing of the structure elements of the spacer fabrics. The experimental samples of spacer 
fabrics had been woven for all constructions by using PES (HT, 113 tex) for warp and weft 
yarns. The formation stages of spacer fabric by using this material are shown in Fig. 6.16 
(page 101). The drafting system for the all experimental samples of spacer fabrics whether 
are preparatory experimental or final are similar as shown in Appendix F (Fig. F.1 page 165). 
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Viscose sample PES sample 
Fig. 6.24: The preparatory samples of spacer fabrics which had been woven by using PES  
                 (textured, 22 tex) and viscose (SP, 435 tex) 
By the weaving of the preparatory samples of spacer fabrics, there were some problems had 
appeared. These problems were limited in the following points: 
• In spite of using plain weave 1/1 for the construction of wall-fabrics, the structure of single 
layer of wall-fabric is loosed compared with the ground fabrics. This loosed structure 
related to less cover factor of warp yarns for wall-fabric which is equal to the half cover 
factor of warp yarns for the ground fabrics. 
• The thickness values of upper or lower ground fabrics (weft rib 2/2) is less than the 
thickness of wall fabric which composed of two layers of plain weave 1/1 Interchanged at 
the mid-height line of the spacer fabric. Figs. 6.25 and 6.26 represent a comparison 
between the thickness of the ground and wall fabrics. 
• High degree of crimp for the floated warp yarns with the ground fabrics as a result of 
using weft rip weave 2/2 in ground fabrics decreases some mechanical performance 
such as fabric-stiffness of the spacer fabric. The floated warp yarns require also high 
rates of slippage strength during the backward-movement to resist the effect of their high 
intersection with the ground fabrics owing to high values of crimp.  
 
 
 
 
 
 
 
 
 
B A 
  
D C 
  
B One layer of wall-fabric (plain 1/1) 
D One layer of ground-fabric (straight warp) 
 
A One layer of ground-fabric (weft rib 2/2) 
C Two layers of wall-fabric (plain 1/1) 
 
Fig. 6.25: The used constructions in the ground and wall fabrics of the spacer fabrics 
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A comparison between thickness value for different used constructions for 
ground and wall fabrics of the spacer fabrics by using PES (HT, 113 tex) 
Fig. 6.26: 
  
6.6.2 The enhancement of the preparatory samples of spacer fabrics 
It was very important to enhance the preparatory samples structure of spacer fabrics to get 
over its production problems. The need to enhancement of the fabric constructions had to be 
taken into consideration. The main requirements of the ground and wall fabrics constructions 
according to the previous problems were condensed in the following points: 
• The highest possible weft cover factor had to be used in plain weave 1/1 of the wall 
fabrics to realize the high stiffness and stability. This weft cover factor in this case cannot 
be used theoretically and practically for the ground fabric weave (weft rib 2/2) because of 
the high density of warp yarns in the ground fabric more than the wall fabric (two times). 
For this reason, the construction of the ground fabric had to be changed. 
• The thickness of upper or lower ground fabrics have to be similar with the thickness of 
wall-fabric which composed of two layers of plain weave 1/1. Interchanged at the mid-
height line of the spacer fabric.  
• The high rates of the floated warp yarns with the ground fabrics have to be decreased to 
be nearly zero. No crimp of the floated yarn realized the best advantage of stiffness and 
strength properties for spacer fabrics. It allows also using high rate of weft density which 
has to be increased anyway to treat the loosed structure of the wall fabrics.  
• The slippage strength values of the floated warp yarns of the preparatory samples are 
acceptable for scientific research on the narrow weaving machine, but on the wide 
weaving and for mass production it is better to be decreased. This can be achieved if 
there is no crimp in the floated warp yarns with the wefts.   
By studying the previously points, it was found that the straight warp weave which is shown 
in Fig. 6.25D was an adequate construction for the ground fabrics. Fig. 6.25 represent a 
comparison between the different used constructions in the ground and wall fabrics of the 
spacer fabrics, on the other side the comparison between its thickness values is shown in 
Fig. 6.26 by using PES (HT, 113 tex).   
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The thickness of upper- or lower ground fabrics are extremely similar with the thickness of 
wall-fabric due to using straight warp weave in the ground fabrics and plain weave 1/1 
interchanged at the mid-height line in the wall-fabric as shown in Fig. 6.27. 
Longitudinal-section in the spacer fabric by using straight warp weave in the 
ground fabrics and plain weave 1/1 in the wall fabric 
Fig. 6.27: 
  
It was proven by the using of straight warp weave in the ground fabrics as it is shown in     
Fig. 6.27 that there was a weakness in intersection between the ground fabric length c1a2 or 
c1`a2` and the tight warp yarns. The reason of that refers to the weakness of interior-friction 
values between the floated warp yarns and other warp and weft yarns. To avoid this problem 
a simple change has to be carried out for the first six wefts of the straight warp weave of the 
ground fabric length c1a2 and c1`a2` as shown in Fig. 6.27 which become modified straight 
warp weave. The aim of this development in the ground fabric construction is to increase the 
interior-friction between warp and weft yarns in this length after the backward movement of 
the floated warp yarns. 
 
 
 
 
 
 
 
 
Longitudinal-section in spacer fabric by using modified straight warp weave in 
the ground fabrics and interchanged plain weave 1/1 in the wall fabric 
Fig. 6.28: 
  
 
1.
45
 m
m
 
1.46 mm c1`             a2`
c1              a2 
                                                                                                              6 Experimental work                 
                                                                               
 
110
 
The slippage strength tests (as mentioned before in page 99) had been carried out for the 
experimental samples which had been woven by using different fabric structures for the 
ground fabrics. The aim of this test is to determine the best structure elements for the ground 
fabrics of spacer fabric as it was chosen before plain weave 1/1 with highest possible value 
of weft density for the wall-fabric. The highest weft density could be woven for the wall-fabric 
determined with 10 wefts·cm-1. For this reason, the variable of weft density was constant. 
For more flexibility, symbols were used in appendix to denote the used constructions as the 
following: 
• Weft rib-construction 2/2 ( →2/2 R ) with symbol A. 
• Straight warp weave with symbol SW.  
• Modified straight warp weave with symbol MSW. 
• The ground fabric length with symbols 8, 12 and 16 which represented the length in mm. 
• The weft density with symbol 10. 
Figs. 6.29-6.31 represent the weave diagram and cross-section relation in warp direction for 
the different structures of the ground fabrics for the experimental samples of slippage strength 
test by using PES (HT, 113 tex). 
 
 
8A10 12A10 16A10 
 
 
 
A: Cross-section in warp direction 
B: Weave diagram 
 
1 and 3: Warp yarn of wall fabric  
2 and 4: Floated warp yarns 
Fig. 6.29: The weave diagram and cross-section relation in warp direction for the weft rib 
2/2 construction of the ground fabrics for the experimental samples of slippage 
strength test by using PES (HT, 113 tex) and 10 wefts/cm 
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8SW10 12SW10 16SW10 
Fig. 6.30: The weave diagram and cross-section relation in warp direction for the straight 
warp yarns construction of the ground fabrics for the experimental samples of 
slippage strength test by using PES (HT, 113 tex) and 10 wefts/cm 
 
 
 
8MSW10 12MSW10 16MSW10 
Fig. 6.31: The weave diagram and cross-section relation in warp direction for the modified 
straight warp yarns construction of the ground fabrics for the experimental 
samples of slippage strength test by using PES (HT, 113 tex) and 10 wefts/cm 
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The experimental samples of the ground fabrics had been woven by using PES (HT, 113 tex) 
for warp and weft yarns according to the specifications which illustrated in Appendix A (table 
A.3, page 142).:   
The behavior of warp and weft yarns of the ground fabric during the slippage strength test 
had been observed. It was obvious that the partial distortion which occurred between point c1 
and point a2 (in Figs. 6.29-6.31) was inconsiderable for weft rip 2/2 of the ground fabric 
samples especially when its length was 8 mm, but there was an a effective distortion by the 
increasing in the length of a2c1.  
The dimension stability and good appearance were maintained for straight warp and modified 
straight warp weaves when the length a2c1 was 12mm. Furthermore there were not any 
distortion effects in the ground fabric structure. By the increasing in the length of the ground 
fabric length a2c1 to 16mm, the slippage strength values were increased in high values and 
there were an apparent distortion for all structures especially for the experimental samples of 
weft rip 2/2.     
The distortion behavior is related to the frictional slippage between fibers and yarns within the 
fabric structure at the interlacing points of the ground fabric. The distortion is closely related 
to fabric construction and the ground fabric length a2c1 which had direct influence on the 
aesthetic appearance of the ground fabrics after the backward-movement of the floated warp 
yarns.  
The very high values in the slippage strength for weft rip 2/2 construction related to its 
increasing in intersections rates between warp and weft yarns which increases stability and 
stiffness of the ground fabric and gives it resistant tension against the slippage strength more 
than other structures.  
The results of the slippage strength test for the experimental samples woven by using PES 
(HT), in addition to the simple linear regression equations, coefficient of  determination (R2) 
and correlation coefficient (R) had been determined in appendix C3 (page 148). Furthermore, 
the strength-elongation curves and the simple linear regression which represent the linear 
relation between any rates of elongation as an independent variable and the slippage 
strength as a dependent variable are illustrated in Appendix D3 (pages 161-162). 
The comparisons between the different values of the length c1a2 of the ground fabric        
(Fig. 6.16 page 101) and the slippage strength of the floated warp yarns are shown in        
Fig. 6.32 for weft rib 2/2 weave and also in Fig. 6.33 for straight warp and modified straight 
warp weaves by using PES (HT, 113 tex) and 10 wefts/cm for all experimental samples. 
From these comparisons, the results can be limited in brief in the following points: 
• There was an increase in the slippage strength values of the floated warp yarns by the 
gradually increase in the length c1a2 of the ground fabric for all woven constructions. The 
highest rates of slippage strength were achieved by using 16mm of the length c1a2 for the 
experimental samples. 
• The weft rib 2/2 achieved the highest values of the slippage strength for the floated warp 
yarns follow with modified straight warp weave and straight warp weave achieved the 
lowest value of the slippage strength. 
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• The differences in values between the slippage strength of the weft rib 2/2 and the similar 
constructions of straight warp or modified straight warp weaves from the other side are 
very high. 
Analysis of variance (ANOVA) had been analyzed for the difference between the slippage 
strength values of the construction weaves for the experimental samples. F-test had been 
calculated, the results of F-test indicate the significant at 95% confidence level between the 
slippage strength values of the different construction weaves by all using materials as 
mentioned in Appendix E (tables E.3, page 163), these values insure that the variance 
between different fabric constructions is more than the variance inside any single 
construction.  
Referring to fisher-snedecor's table, it is recalled for the degree of freedom 2, 24, it is found 
the F0.95 (2, 24) value equals 3.40 at 95% confidence level and F0.99 (2, 24) equal 5.61 at 99% 
confidence level. For the experimental samples which woven by using PES (HT) as 
illustrated in Table 6.3, the F-value equal 4.58, this value ensures the significant difference 
between the four groups of fabrics in coefficient values between the sequence rates of 
elongation as an independent variable c constructions at 95% confidence level.  
The relation between the different structure elements and the slippage strength values for the 
ground fabric length c1a2 in Fig 6.16 (page 101 by using PES (HT, 113 tex) is shown in Figs. 
6.32 and 6.33 respectively. 
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Fig. 6.32: The relation between the ground fabric length c1a2 in Fig 6.16 (page 101) for the 
weft rib 2/2 construction by using PES (HT, 113 tex) and the slippage strength of 
the floated yarns 
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Fig. 6.33: The relation between the ground fabric length c1a2 in Fig 6.16 (page 101) for the 
straight warp yarns weave and straight warp yarns by using PES (HT, 113 tex) 
and 10 wefts/cm and the slippage strength of the floated yarns 
It was concluded that the modified straight warp weave with the ground fabric length equal 12 
mm, was the best structure for the ground fabrics for the following reasons: 
• The thickness of the ground fabric is proportionate with the thickness of the wall-fabric as 
shown in Fig. 6.26 (page 108).  
• The slippage strength value of the floated warp yarns which equal to 40.26N as shown in 
Fig. 6.33 is approximately equal to the tension force for the floated warp yarns in the 
distance between tight warp beam and extra let-off device on the narrow weaving 
machine shown in Fig. 6.12 (page 97). 
• There were not any distortion effects in the ground fabric structure. 
• Increasing in the interior-friction rates between warp and weft yarns in this length after the 
backward movement of the floated warp yarns is higher than straight warp weave, which 
maintained the dimension stability and good appearance of the spacer fabric. It secures 
also the quality of the intersection between wall and ground fabrics. 
The specifications of the experimental samples of spacer fabrics for different structures by 
using PES (HT, 113 tex) are illustrated in Appendix F (table F.1 page 164). Furthermore, its 
heald frames lifting plans for all used constructions are shown in Appendix F (Figs. F.4-F.6 
pages 166-168).  
 
The ground fabric length c1a2 in mm (Fig. 6.16, page 101) 
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7 Results and discussions  
7.1 Analysis and discussions of the results  
The main purpose of this analysis is to discuss the results of the slippage strength test with 
the aim to understand the effect of the difference for the ground fabric constructions in the 
slippage strength values. The comparisons between the used constructions of the 
experimental work which determined in the weft rib 2/2, straight-warp and modified straight-
warp weaves are illustrated in Figs. 6.32 and 6.33 (pages 113 and 114). From these 
comparisons, it was found that the slippage strength values were changed according to the 
change in fabric construction. The weft rib 2/2 weave achieved the highest values of the 
slippage strength follow with modified straight-warp weave and straight-warp weave achieved 
the lowest value of the slippage strength. There were also very big differences between the 
average values of the slippage strength for weft rib 2/2 weave and their similar for the 
modified straight warp and straight warp weaves. Analysis of variance in Appendix E           
(tables E.3, page 163) between the slippage strength values of the different construction 
weaves insures that the variance between different fabric constructions is more than the 
variance inside any single construction.  
It is very important to imagine the behavior of the floated warp yarns during its slippage 
through the ground fabric. It is assumed that the friction resistances between any floated 
warp yarn and the wefts one behind the other resist the slippage action under the effect of 
internal friction in the cross surfaces between them. Hence by increasing the intersection 
surfaces between the floated warp yarn and the wefts, the slippage strength values have to 
be increased. The results of the slippage strength test had proved this assumption. Therefore 
the fabric structure affects crucially without any doubt positively in the slippage strength 
values. 
Fig. 7.1 illustrated the perceptions geometry for the elected length of the ground fabrics       
(12 mm with 10 wefts/cm as explained in page 114) after which the backward-movement had 
to be carried out. These perceptions geometry are suggested for the different used 
constructions on the basis of the studies of cloth geometry of Peirce /67, 68/. 
Referring to these perceptions geometry, the internal friction in the cross surfaces between a 
signal floated warp yarn and wefts during the backward-movement with different 
constructions can be determined as follows:   
If the warp yarn is drawn with a force 1F  on the right side of the first weft, then the 
longitudinal friction force equal 2F  after the first intersection: 
 1  ·  12
µα−= eFF .        (7.1) 
 
Let:  µ  - the coefficient of friction between warp and weft yarns 
 α - tangent angle of the internal friction   
  
After the second intersection, friction force is 
 )(113 2121   ·    ·    ·  
ααµµαµα +−−− == eFeeFF .     (7.2) 
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At general, the longitudinal friction force after the i -th intersections equals:  
 ∑
==+
i
jeFFi 1
-
11   ·  
αµ
.       
 
(7.3) 
From which:  
 
∑
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jeFF i 1  ·  11
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.    
 
(7.4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A Weft rib weave 2/2  Rl  Referential length 
B Straight warp weave  Rx  Repeat of weave 
C Modified straight warp weave h  The difference in wefts heights 
 
1α , 2α , 3α , ......, 12α  The tangent angle of intersection surface between warp and weft 
1F , 2F , 3F , ……..., 12F   The longitudinal force of warp yarn 
1l , 2l , 3l , ………..., 11l  Length between centers of wefts 
  
Fig. 7.1: The internal friction in the cross surfaces between a single floated warp yarn and 12 
wefts by using 10 wefts/cm (PES, 113 tex), with different ground fabric constructions 
during the slippage strength 
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In weft rip 2/2 weave (Fig. 7.1A) which is a derivative from plain weave 1/1 the value 1α  is 
equal to one-half of any other angles, for this reason the equation (7.4) can be written in 
other formula /69/:  
 )(
1
32
1  ·  
i
n
i
n eFF
αµ ∑
−
= .    
 
(7.5)
It is concluded from equation (7.4) that the sum values of tangent angle of the internal friction 
1α , 2α , …etc., have a positive effect on the internal friction values between the floated warp 
yarns and the wefts. Therefore, this value ( 1F ) affects directly the determination of required 
tension force for the slippage strength during the backward-movement.  
The tangent angle value α  between signal warp and weft yarn depend on the cross section 
of yarns, the length between the weft l , the difference in wefts height h  and the yarn 
structure. The closed fabric set, in which the length of l  is smaller, the friction forces is more 
largely than with a fabric with larger length /70/.  
Form clearly and precisely sight, the internal forces equilibrium between warp and weft yarns 
in the fabric for the plain weave 1/1 is illustrated in Fig 7.2. With applies this approach on the 
weft rib weave 2/2, section A-A shows the longitudinal forces of a weft WeftF  which push the 
floated warp yarn to downward by normal force NF− . On the other hand, the longitudinal 
forces of a floated warp yarn GFYF  resist this action by the normal force NF  as shown in 
section B-B. The equilibrium stand between the longitudinal forces of floated tensioned yarns 
GFYF  and the longitudinal forces of weft WeftF  in ground fabrics is achieved by the increasing 
in the exchanged crimp ratio between them as shown in Fig. 7.1A. The maximum possible 
number of intersections between floated single warp yarn and the wefts were achieved in 
weft rib 2/2 weaves more than the other used weaves, it has also the highest value of friction 
forces between warp and weft yarns in intersection points. 
  
1 Warp yarn 
2 Weft yarn 
F1 Longitudinal force of warp yarn 
F2 Longitudinal force of weft          
  
 
  
 
Fig. 7.2: Exchanged forces between weft and warp yarns at the intersection positions for 
the plain weave 1/1 /70/ 
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For this reason, the increasing of tangent angle between warp and weft yarns has a positive 
effect on the increasing of internal friction rates; hence the slippage strength values of weft 
rib 2/2 weaves recorded the highest values as shown in Fig. 6.32 (page 113, chapter 6).  
The equilibrium stand by using straight warp weave as shown in Fig 7.1B is realized by the 
increasing in crimp ratio of wall fabric yarns owing to its light tension, which allows for the wall 
warp yarns to turn around the wefts and achieved high rates of the crimp. On the other side, 
the wefts had to be tensioned, for this reason the floated warp yarns were achieved the 
lowest crimp values. The straight warp weave achieved the lowest sum of tangent angle 
values α  between signal warp and weft yarns. For this reason, the straight warp weave were 
achieved the lowest values of the slippage strength as shown in Fig. 6.33 (page 114).   
It was concluded that the modified straight warp weave with the ground fabric length equal 12 
mm, was the best structure for the ground fabrics as it join the advantages of the straight 
warp weave which is less rates of crimp for the floated warp yarns and maintained the 
dimension stability and good appearance of the spacer fabric after the backward-movement 
owing to the increasing of the sum values of tangent angle of the internal friction more than 
the straight warp weave as shown in Fig. 7.1C. 
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7.2 Process quality and security 
Nowadays, the product quality was considered almost exclusively as the degree which 
production and engineering specifications were achieved. It is a vector of attributes that relate 
to the way a product is designed, developed, produced, and its economic manufacturing for 
the accepted end-use. Product quality is concerned with checking and reviewing work that 
has been done, to make sure that what's being produced is meeting the required standard 
takes place during and at the end of the operations process. To improve product quality 
requires feedback information on the quality relationships between the engineering, 
manufacturing, and production functions that relate to how the products are developed, 
produced, and used /71/. 
Quality of the weaving procedures for the spacer fabrics is more and more relevant for the 
weaving process elements. These elements represent the actual production processes that 
include the main operations which included shedding-formation, weft insertion and weft 
beating-up, and also additional operations which included warp let-off and fabric take-up.  
The enhancement for the performance of the developed devices on the weaving machine is   
an important element to achieve high quality procedures for the weaving process of the 
spacer fabrics. It is aimed at eliminating and avoiding all defects which can be caused during 
weaving or during the treatment processes. 
The general conception of the spacer fabrics quality is based on the enhancement of its 
properties. It was assumed that all defects during weaving are resulted from failure of 
preparatory processes of the warp or weft yarns, the weakness of fabric structure, and errors 
in the operation-timing of the developed devises on the weaving machine. 
The achieved procedures to secure the quality of the different processes on the narrow 
weaving machine for the woven spacer fabrics can be distributed according to its process as 
the following:-  
A. Let-off process 
B. Shedding formation 
C. Weft insertion 
D. The backward movement of the floated warp yarns 
A. Let-off process 
The weaving machine must be equipped with two warp beams, the first for the floated warp 
yarns and the second for the wall fabric yarns, for these reasons: 
The floated warp yarns which shared just in the weaving of the ground fabrics, on other side 
the wall fabric yarns shared also in the weaving of the wall fabric. 
1. The warp beam of ground fabrics is very heavily tensioned whilst the wall warp yarns are 
under slight tension. 
2. The relative cover rates of the floated warp yarns are generally less than the wall fabric 
yarns in the ground fabrics.  
On the other side, an additional reed had been built-in above the extra let-off roller to 
separate between the floated warp yarns before its winding around the extra let-off roller as 
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shown in Fig. 7.3. This separation keeps the width of the warp yarns before and after its 
winding equal. On the other side it prevents the warp yarns from randomly friction between or 
above its other during winding around the let-off roller especially at its downward or upward 
movements.  
 
  
 
 1 
2 
The additional reed 
Extra let-off roller 
 
3
4
Floated warp yarns 
Wall fabric yarns 
 
Fig. 7.3: The additional reed which built-in above the extra let-off roller 
 
B. Shedding formation 
The wall fabric warp yarns which are drawn from the upper warp beam have to be drawn in 
the middle between the upper and lower ground warp yarns as shown in Fig 7.4. On the 
other hand the guide rollers of the upper and lower ground warp yarns must be adjust at the 
points c and f. This adjustment points secures the homogeneous of tension which loaded in 
the ground warp yarns during weaving process. It is very important also to specify the first 
four heald frames for the warp yarns of the wall fabric, that owing to the participation of these 
yarns in both of upper and lower ground fabric and it exchanged between them.    
C. Weft insertion  
To secure the homogeneous of weft tension during the weft insertion two weft-accumulators 
must be used on the narrow weaving machine as illustrated in Fig. 7.5, by this method also a 
different  weft thickness could be used. 
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The reed 
Upper shed of the spacer fabric 
Lower shed of the spacer fabric 
Heald frames of the ground fabrics 
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Floated warp yarns of the upper ground fabric
Floated warp yarns of the lower ground fabric
Warp yarns of the wall fabric 
Fig. 7.4: Shed-geometry of the floated warp yarns during the weaving of spacer fabric 
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Fig 7.5: The x, y and z-coordinate directions for different devices on the narrow weaving 
machine (J. Müller), arrangement of weaving elements.   
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D. The backward movement of the floated warp yarns 
To secure the quality of the backward-movement for the floated warp yarns, many 
procedures must be taken into consideration:   
• It must be take not more than 180° of the rotation for main-shaft rotation begin at 180° till 
360° or 0°. 
• The weaving shed must be clear as shown in Fig. 7.6. 
• The horizontal movement of the extra take-up roller are transferred to the control unit by 
switchs 1 and 2  (Figs. 7.7 and 7.9). 
• By every revolution a pulse from sensor 2 (Figs. 7.7) has to send to the control unit. 
• Before the backward movement with determined time a signal sent from sensor 1 (Figs. 
7.7 and 7.9) must be started which excited by the vertical movement of the heald frame 
No. 14.  
• The movement-rotation diagram for different devices on the narrow weaving machine     
(J. Müller) in x, y and z-coordinate directions are shown in Fig. 7.8, which illustrated that 
the distance between the weft-holder and the beating-up point must be less than the reed 
and beating point. 
• Fig. 7.9 represents a block-diagram for the different movements on the weaving machine. 
Servo motor 3 control a linear-movement of extra take-up roller; it moves the output shaft 
through an arc of 180 degrees, any position of the weaving machine within this arc is 
selected. The control logic generates positive going pulse width control. The length of 
pulse tells the on-board electronics what angular position to move. 
Finally it has to be taken into consideration that the pneumatic cylinders which controlled the 
motion of extra let-off roller and servo-motors 1, 2 and 3 which controlled the motion of extra 
take-up and take-up devices are connected by a control program and system data to be 
transferred from a computer to the mentioned devices in the weaving machine to guarantee 
running of the movements simultaneously. The movements of the extra take-up roller and 
take-up device are controlled by a system-program and given over a control to the servo-
motors. Thus it is secured to modify the motion system according to elements of fabric 
construction. 
 
at o180  at o270  at o360  or o0  
Fig 7.6: The different positions of the reed during the backward-movement of the spacer 
fabric between crankshaft rotation angles ( o180 - o360 ) 
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Sensor 1: Sensor 2: switches 1, 2: 
Fig. 7.7: The different types of sensors and switches which built-in the narrow weaving machine
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Fig 7.8: The x, y and z-coordinate directions for different devices on the narrow weaving 
machine (J. Müller), movement-rotation diagram   
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Fig. 7.9: Control system block-diagram for the movement of the developed devices on the narrow weaving machine    
               (J. Müller) during the weaving process of the spacer fabric
  Control Unit
Programming and Processing Unit
Master 2
Master 1
 Amplifier 1
Servomotor 3
124                                                                                                       7 R
esults and discussions
7 Results and discussions  
 
125
7.3 Translation of production method on the wide weaving machine  
The main goal of this study is to benefit from the results of experimented work on the narrow 
weaving machine and carries it out on the wide weaving machines. It focuses the light on the 
weaving possibility of the spacer fabrics with more specifications than which are permitted on 
the narrow weaving machines. The implementation and experimentation of the basic 
principles to solve all of the partial problems have been mentioned in the previous chapters. 
In this phase of research, the principal concentration will be put on the integration of ideas for 
previous results in three main tasks of future work:  
1. The weaving of spacer fabric with maximum 1000 mm width, or multi- spacer fabrics with 
equal or multi width at the same time. The maximum available width is 120 mm on the 
narrow weaving machine (J. Müller). 
2. The ability to weave different materials with different properties (e.g. chemical and 
physical properties) in the spacer fabrics, more than which can be woven on the narrow 
weaving machine. 
3. The ability to use different weft-densities in wall- and ground fabrics, which makes it 
possible to use similar fabric constructions for both of them. 
It has no objection, that there are new problems may be appear during the weaving of spacer 
fabrics on the wide weaving machine model VTR 23 (Van De Wiele Company). These 
problems had not appeared on the narrow weaving machine model NFRE (Q) (J. Müller 
Company). 
The spacer fabrics have to be woven on the wide weaving machine by using face-to-face 
weaving technique. The upper and lower fabrics of spacer fabrics are woven simultaneously 
by this technique which similar to the technology of the narrow weaving machine. Wide 
weaving machine has been automated using electronically controlled warp yarns let-off and a 
programmable microprocessor. With the microprocessor, the filling density of the spacer 
fabrics, fabric length, and weft yarn selection can be freely programmed. The machine is 
equipped also with weft accumulators which can with the help of weft selectors to make a 
variety in the used weft yarns. This advanced technology of the wide weaving machine has to 
be made allowance for many enhancements of spacer fabrics´ structure features which serve 
the final product at the end.   
7.3.1 Description of the wide weaving machine  
The runnings of the warp yarns and the woven spacer fabric on the wide weaving machine 
model VTR 23 (Van De Wiele Company) are shown in Fig. 7.10. The machine has to be 
equipped with 8 heald frames for the wall fabric and 12 heald frames for ground fabrics and 
selvages. The warp yarns of the wall fabric are pulled off from the warp beams (1) by yarns 
delivery (6). The wall fabric yarns are leased by a clinging ends device (7) to stop the 
machine in case at clinging wall-yarns. If the wall fabric yarns have to be slacked by using 
different constructions in the ground fabrics (e.g. straight warp weave) from the wall fabric 
construction, the rocker bars (8) will be used. Its movement is compensating the shedding 
and the actual yarns consumption. The wall-warp yarns are drawn into the pile heald frames 
(10). If any wall-yarn ruptures are detected by a pile stop motion (11), it placed behind the 
rocker bars. The ground warp yarns come from two ground warp beams (2). This set up of 
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two ground warp beams gives the possibility to weave with equal or different tension. The 
whip rolls (3) keep the ground warp yarns under tension. The lease bars (4) divide the 
backing ends for the upper and lower ground-fabrics. The ground warp yarns are drawn in 
into the backing heald frames (9), after the separation rolls (5) and stop motions (12-13). The 
back heald frames which are specialized for the ground fabrics have to be divided between 
upper and lower ground fabrics in addition to the selvages healds. The rapiers are inserted 
after the shed formation, both fillings are beaten and the weave is formed. These fabrics are 
kept under the tension of take-up rolls. 
 
 
 
 
Rapiers 15Rocker bars8 Wall fabric warp beam 1 
Woven spacer fabric16Ground fabric heald frames9 Ground fabric warp beam 2 
Upper rail  17Wall fabric heald frames10 Whipp roll 3 
Lower rail 18Pile warp stop motion 11 Lease bars 4 
Extra take-up roll19Stop motion for upper yarns 12 Separation rolls 5 
Take-up roll 20Stop motion for lower yarns13 Yarns delivery 6 
Helprods 21Reed14 Clinging ends device7 
      
An initial preconception for the wide weaving machine (Van De Wiele) after the 
development to weave spacer fabrics /73/  
Fig. 7.10: 
16 
20
21
 
 
 
 
 
A suggested construction for  
the developed take-up device 
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7.3.2 The suggested utilization of the wide weaving machine possibilities 
From the previous description of the wide weaving machine model VTR 23 (Van De Wiele 
Company), the development of this machine has to be limited in the development of the take-
up devices. An extra take-up device 19 in Fig. 7.10 has to be built-up in the suggested place 
on the wide weaving machine. On the other hand, a take-up device has to be developed as 
on the narrow weaving machine. The movements of the extra take-up roller and take-up 
device are controlled by a system- program and given over a control to the servo-motors. 
The warp yarns for the ground and wall fabrics are controlled by positive electronically 
devices. The warp let-off motion provides a positive and controlled release of warp yarn from 
full to empty beam which results in a consistent warp tension. The positive let-off motion has 
the capability to release the yarn tension at the stop of the weaving machine and recover it at 
the starting of the machine. By using way, the overstretching of the yarn which is the major 
cause of defects during the standstill time will be avoided, it is also good to prevent fabric 
defects such as pick density variation and stop marks.  
Two shed formations are achieved by face-to-face technique and the machine is equipped 
with 20 heald frames. The first 8 heald frames have three positions and the other 12 heald 
frames for the ground fabrics, the distribution of the heald frames is the following: 
• The wall fabric heald frames (frames with the biggest shedding) with the double rapier 
weaving technique have 3 positions (high, middle and low positions) and 2 magnets in 
the electronic dobby are used as illustrated in Fig. 7.11.  
 
  
Middle position from high      
(between upper and lower rapier) 
High position               
(above the upper rapier) 
  
Middle position from low 
(between upper and lower rapier) 
Low position               
(below the lower rapier) 
Fig. 7.11: The positions of the wall fabric heald frames  /73/ 
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• The ground and selvedges heald frames (frames with the smallest shedding) need for the 
ground warp ends only 2 positions are required (high, and low positions) and only one 
magnet in the dobby are used as illustrated in Fig. 7.12.  
Each side of the spacer fabric has a selvedge and contains a certain amount of yarns. There 
is ability to use different structure for the selvage weave. The yarns for the selvedges can be 
beamed on the ground warp beams (mainly the tight warp beam) or on separate selvedges 
beams.  When the selvages yarns are beamed on the each side of the ground warp beams, 
the yarn count must be identical to the yarn count of the ground yarns.  In this case, the 
actual weft cover factors in the ground or wall fabrics have to be identical with its similar in 
the selvage area which in any case has to be low. To get over the negative effect of the 
selvage in the cover factor of the fabric, the selvedges beams can be used. On the other 
side, the selvedge can be drawn on separate selvedges harnesses. The advantages of using 
separate selvedges beams and harnesses have to be enclosed in the next points: 
• All the warp beams (for ground or wall fabrics) have the same amount of yarns per beam; 
therefore it is easier for the beaming process and economic side. 
• The tension on the selvedge beams can be switched at any time just by replacing the 
weight. 
• The consumption factor of the selvedges ends can be different to the consumption factor 
of the ground warp yarns. 
• The selvage yarn count can be different from the ground yarns. 
• It can be used different weave structures in the selvedges (e.g. leno structures). 
• Multi wide spacer fabrics can be woven at the same time as a result to the facility of multi 
selvage formation. 
Face-to-face technique is introduced one weft for the upper fabric and one weft for the lower 
fabric at the same time with the double rapier weaving technique. The machine is equipped 
also with multi weft insertion system (weft selector) which is controlled by the microprocessor. 
To increase the quality of the woven spacer fabrics and control the tension of the wefts the 
weft accumulator units have be used on the machine. 
 
  
Upper ground fabric – high position 
Upper ground fabric – low position 
Lower ground fabric – high position 
Lower ground fabric – low position 
 
 
 
 
 
 Fig. 7. 12: The positions of the ground fabric heald frames /73/  
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7.3.3 The advantages of weaving spacer fabrics on the wide weaving machine  
The advantages of weaving spacer fabrics on the wide weaving machine from a practical 
point of view have to be limited in the next points: 
1. The electronically control of positive let-off motion makes it unnecessary to build-in an 
extra let-off device. The backward-movement of the floated warp can be carried out 
directly by the rotation of ground warp beams on the opposite side. 
2. Using 8 healds frames with 3 positions for the wall fabric, in addition to 12 healds frames 
with 2 positions for the ground fabrics will allow with a wide range of spacer fabrics` 
structures. Furthermore, using separate selvedges harnesses helps in taking the 
optimum advantage of using the ground heald frames. Fig. 7.13 represents a suggested 
fabric structure which can be woven on the wide weaving machine. 
3. More flexibility to weave multi widths according to need at the same time, in addition to 
use different structures in the selvages area, the great virtue of that refers to use 
separate selvedges beams and harnesses. 
4. Weft insertion with the applied method on the wide weaving machine allows to insert just 
one weft through the shed not as it followed on the narrow weaving machine (two wefts in 
the shed), in addition to use wefts of varying thickness in the same fabric. By this method, 
it will be gotten over the difference in warp yarns density between the ground fabrics and 
the wall fabric. 
5. The ability to change the weft density through the construction-repeat of the fabric on the 
wide weaving machine allows increasing the weft density in the wall fabric with an 
equivalent rate to the decrease in the warp yarns density in comparison with its density in 
the ground fabrics. 
 
 
 
 
Fig. 7.13: A suggested fabric structure for spacer fabrics on the wide weaving machine 
 
 
 
45 mm 
30 mm
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8 Summary and outlook 
The need for innovative lightweight materials are rapidly increased in the recent years, owing 
to their cost-effective, high-strength, environmentally-sound use of materials and process 
technologies, in addition to that they reduce the weight of a product. Developed materials 
could contribute significantly to speed of travel and fuel-efficiency, to meet consumer 
expectations, military needs and regulatory mandates, are of particular interest for transport 
applications. The need for innovative lightweight materials, however, goes far beyond 
transportation needs. There is a fast moving trend towards lightweight materials and 
structures for body armour and protection, building and construction, mechanical 
engineering, sports and leisure goods, packaging and publishing. The importance of this 
competition in use focuses on the development of lightweight materials and structures. This 
can be achieved through the reduction in the mass of the material or the reduction in the 
weight of the final structure by employing clever design techniques.   
The characteristics of 3D-spacer fabrics as one of the most important lightweight materials in 
future are multifaceted not only owing to its extremely light materials, but also because of 
exceptionally high stiffness to weight ratio compared to other constructions. It is also one 
possible method for improving the properties of fabric-reinforced composites. It can enhance 
the through-the-thickness properties, such as shear strength, dimensional stability, damage, 
tolerance, and fracture toughness that are critical for many structural applications. 
Spacer fabric has been employed in high-technology applications because of its critical 
mechanical properties related to high tensile strength, tear strength and stiffness. 
Furthermore, its multidirectional structures allow with more reinforcement along the thickness 
direction leading to an increase in stiffness and strength properties. 
There are three basic technologies familiar today that are capable of fabricating 3D-spacer 
fabrics: knitting, stitching and weaving. They are indicated in brief as the following:  
• 3D-knitted spacer fabric includes upper and lower layer fabrics and a resilient yarn 
interconnecting between them in z-direction which represents the height of the spacer 
fabric. 
• 3D-stitching structures, it is a similar process to knitting except that it results in 
reinforcement properties in the z-direction of the finished parts. The operation involves 
stitching the dry or prepreg laminates together using needle and thread. 
• 3D-woven spacer fabric consists of two fabric layers separated by a woven-in system of 
threads. The thread-linking system produces an extremely strong connection between 
the two fabric layers and stabilizes the hollow structure once it has been filled. It also 
ensures a dimensionally-stable surface. 
The fundamental aim of this thesis exists in the development of a new kind of woven spacer 
fabrics for the light weight composites materials, in an effort to weave spacer fabrics that can 
not be realized with the old technology which are mentioned above. Therefore, the work in 
brief focuses on two main goals: 
• Development of a new kind of spacer fabrics for composites in the lightweight 
constructions. 
• Development of special devices of a narrow weaving machine for standing the process of 
the new kind of spacer fabrics production. 
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Regarding to the first aim a wire-model had been formed to represent a simulation for the 
suggested shape of the woven spacer fabric after treatment with resin matrix. This model 
gave the chance to study the points of weakness and strength of its structure shape, 
therefore it was obvious the enhancement procedures to achieve good design elements for 
the spacer fabrics. 
The structure-geometry of the spacer fabric based on upper- and lower ground fabrics in a 
length of 45 mm connected together with the wall-fabric through the thickness of spacer 
fabrics and at the z-direction in a height of 30 mm. These points given are basic agreements 
of the co-operating of the collaborative research centre 639 (SFB 639) at TU Dresden. To 
achieve the desired substantially rigid construction, the wall fabrics must be interchanged the 
intersection with upper- and lower ground fabrics, on the other side it must be interchanged 
the intersection with each other at the mid-height line of the spacer fabric. Two warp beams 
are used to arrange the warps into two groups in plane form for weaving convenience, one of 
them for the tight (floated) yarns of the ground fabrics and the other for warp yarn of wall-
fabric. 
The weaving machine had to be equipped with the technology of face-to-face weaving with 
the aim of weaving this spacer fabric structure. Therefore, the experimental work had to be 
carried out on the narrow weaving machine (J. Müller Company) with regard to the fact that 
the technology of face-to-face weaving had to be applied on this machine. On the other side 
the weaving method of spacer fabrics must be developed by modifying conventional weaving 
mechanisms, based on its uncomplicated weaving mechanisms. 
The spacer fabric formation includes 3 phases:- 
• Upper and lower ground fabrics weaving, 
• Wall fabric weaving, 
• Backward movement of the floated tight yarns (formation of wall-fabric). 
Regarding to the second aim, there was not any modification necessary to the three 
essential operations which are shedding, weft insertion and beating-up. The main 
development was achieved in the additional operations which are warp control and fabric 
control. For the realization of this development, the movement and the forces of let-off and 
take-up elements had to be analyzed. The development was carried out to achieve the best 
performance for the weaving process and spacer fabric properties. The mechanical 
transmission method had to be secured the flexibility in modification or changing of fabric 
geometry. This mechanism is realized by preparing the weaving machine with extra let-off 
and extra take-up devices. Both of them have to be moved simulations with the other during 
backward movement of the floated ground yarns, on the other side during the forward 
movement of extra take-up device, the extra let-off device has to be remained in its lower 
position.  
Development of the narrow weaving machine is closed in assisting operations, let-off and 
take-up and enhancement for take-up processes. Extra let-off and take-up devices must be 
constructed at the weaving machine. Extra let-off device has to be used for controlling the 
floated warp yarns of ground fabrics. On the other side, extra take-up and the developed 
take-up devices have to be used for controlling the woven spacer fabrics. 
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The oscillated vertical-motion of the extra let-off device is achieved by pneumatics; owing to 
the advantages of fluid power are its ability to multiply force and its flexibility to change 
direction quickly without damage to the system. This makes it very easy to change direction 
and transmit the power through angles. The extra take-up device is controlled by using servo 
motor at the distance between beat-up area and take-up device. It moves (oscillates) back 
and forth for a distance equal to the half height of the wall-fabric. Furthermore the take-up 
device had been developed and it is controlled by two servo motors. The using of servo 
motors for the controlling of woven spacer fabrics gives more flexibility, if there is a need to 
use different weft densities. It was taken into consideration that the backward-movement of 
the extra take-up roller is identical with the downward-movement of the extra let-off roller.  
The pneumatic cylinders and servo-motors which controlled the motion of extra take-up and 
take-up devices are connected by a control program and system data to be transferred from 
a computer to the mentioned devices in the weaving machine to guarantee simultaneity. The 
movements of the extra take-up roller and take-up device are controlled by a system- 
program and given over a control to the servo-motors. Thus it is secured to modify the 
motion system according to elements of fabric construction. A change of geometry for spacer 
fabrics is possible over a simple input at the computer and associated change of the motor 
parameters.  
The slippage strength test had to be carried out for the floated warp yarns through the 
ground fabrics by using different elements of woven fabric structures variables represented 
in different fabric constructions, different weft densities and different repeats of constructions 
by using different materials. The importance of this test related to the backward-movement of 
the floated warp yarns which is the crucial stage in the weaving process of spacer fabrics 
during the backward-movement. The results of this test determine the required forces for the 
backward-movement, on the other side it is the best method to observe the behavior of 
structure elements during the backward movement.  
The results of the slippage strength had been statistically analyzed, and the weaving process 
for the spacer fabrics had been achieved. It was concluded that the best properties for the 
woven spacer fabrics and the optimum case for the weaving process on the test weaving 
machine had been achieved when the following items are realized: 
• The backward-movement will be not caused any distortion for the ground fabric 
construction, if it is carried out through a length of the ground fabric. 
• The backward-movement is identical with the downward-movement for extra let-off roller. 
• The backward-movement of the floated warp yarns must be carried out during the 
beating-up movement of the reed at 180 o  because the selvage needles hold the weft 
yarns begin of 145 o  its backward-movement. On the other side, the weft- needles begin 
its backward-movement out of the shed.  
• The backward-movement of the floated warp yarns must take just a period is 0.4 second 
this time is identical with 180 degrees of the main-shaft rotation with the speed of 75 rpm. 
• The extra let-off roller must keep in the lower position for 10 revolutions after its 
downward-movement on narrow weaving machine with the speed of 75 rpm. 
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The so-called modified straight warp weave with 10 wefts/cm (PES, 113 tex) was the best 
structure for the ground fabrics for the following reasons: 
• The thickness of the ground fabric is proportionate with the thickness of the wall-fabric. 
• The slippage strength values of the floated warp yarns at anyway accepted. 
• There were not any distortion effects in the ground fabric structure. 
Finally it can be stated: 
The experimental results give fundamental knowledges for the next steps in research and 
development of woven spacer fabrics made of high-performance yarns on the wide weaving 
machine.    
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The executive specifications of experimental samples (number 1-36) for the upper- and 
lower ground fabrics by using PES (textured yarn):  
 
 
 
 
 
 
 
Sample 
[Nr] Fabric constructions Number of construction repeats 
Weft density 
[in weft/cm] 
1 Weft rip weave 2/2 [A] 4X 10 
2 Weft rip weave 2/2 [A] 4X 12 
3 Weft rip weave 2/2 [A] 4X 14 
4 Weft rip weave 2/2 [A] 6X 10 
5 Weft rip weave 2/2 [A] 6X 12 
6 Weft rip weave 2/2 [A] 6X 14 
7 Weft rip weave 2/2 [A] 8X 10 
8 Weft rip weave 2/2 [A] 8X 12 
9 Weft rip weave 2/2 [A] 8X 14 
10 Mixed rib + plain [B] 4X 10 
11 Mixed rib + plain [B] 4X 12 
12 Mixed rib + plain [B] 4X 14 
13 Mixed rib + plain [B] 6X 10 
14 Mixed rib + plain [B] 6X 12 
15 Mixed rib + plain [B] 6X 14 
16 Mixed rib + plain [B] 8X 10 
17 Mixed rib + plain [B] 8X 12 
18 Mixed rib + plain [B] 8X 14 
19 Twill 2/2 [C] 4X 10 
20 Twill 2/2 [C] 4X 12 
21 Twill 2/2 [C] 4X 14 
22 Twill 2/2 [C] 6X 10 
23 Twill 2/2 [C] 6X 12 
24 Twill 2/2 [C] 6X 14 
25 Twill 2/2 [C] 8X 10 
26 Twill 2/2 [C] 8X 12 
27 Twill 2/2 [C] 8X 14 
28 Twill 1/3 [D] 4X 10 
29 Twill 1/3 [D] 4X 12 
30 Twill 1/3 [D] 4X 14 
31 Twill 1/3 [D] 6X 10 
32 Twill 1/3 [D] 6X 12 
33 Twill 1/3 [D] 6X 14 
34 Twill 1/3 [D] 8X 10 
35 Twill 1/3 [D] 8X 12 
36 Twill 1/3 [D] 8X 14 
Table A.1: Variables of structure elements for the upper- and lower ground fabrics by using 
PES (textured yarn, 22.38 tex)  
Warp and weft yarns count [in tex] :  22.38   
Sample width [in mm]: In the reed: 50 
 After fabric take-down: 45 
Warp density [yarn/cm]: In the reed: 24 
 After fabric take-down: 30 
Material:  PES (texured) 
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The executive specifications of experimental samples (number 101-136) for the upper- 
and lower ground fabrics by using Viscose (Spun yarn): 
 
 
 
 
 
 
 
Warp and weft yarns count [in tex] :  435   
Sample width [in mm]: In the reed: 58.3 
 After fabric take-down: 58.3 
Warp density [yarn/cm]: In the reed: 6 
 After fabric take-down: 6 
Material:  Viscose (SP) 
Sample 
[Nr] Fabric constructions Number of construction repeats 
Weft density 
[in weft/cm] 
101 Weft rip weave 2/2 [A] 4X 3 
102 Weft rip weave 2/2 [A] 4X 4 
103 Weft rip weave 2/2 [A] 4X 5 
104 Weft rip weave 2/2 [A] 6X 3 
105 Weft rip weave 2/2 [A] 6X 4 
106 Weft rip weave 2/2 [A] 6X 5 
107 Weft rip weave 2/2 [A] 8X 3 
108 Weft rip weave 2/2 [A] 8X 4 
109 Weft rip weave 2/2 [A] 8X 5 
110 Mixed rib + plain [B] 4X 3 
111 Mixed rib + plain [B] 4X 4 
112 Mixed rib + plain [B] 4X 5 
113 Mixed rib + plain [B] 6X 3 
114 Mixed rib + plain [B] 6X 4 
115 Mixed rib + plain [B] 6X 5 
116 Mixed rib + plain [B] 8X 3 
117 Mixed rib + plain [B] 8X 4 
118 Mixed rib + plain [B] 8X 5 
119 Twill 2/2 [C] 4X 3 
120 Twill 2/2 [C] 4X 4 
121 Twill 2/2 [C] 4X 5 
122 Twill 2/2 [C] 6X 3 
123 Twill 2/2 [C] 6X 4 
124 Twill 2/2 [C] 6X 5 
125 Twill 2/2 [C] 8X 3 
126 Twill 2/2 [C] 8X 4 
127 Twill 2/2 [C] 8X 5 
128 Twill 1/3 [D] 4X 3 
129 Twill 1/3 [D] 4X 4 
130 Twill 1/3 [D] 4X 5 
131 Twill 1/3 [D] 6X 3 
132 Twill 1/3 [D] 6X 4 
133 Twill 1/3 [D] 6X 5 
134 Twill 1/3 [D] 8X 3 
135 Twill 1/3 [D] 8X 4 
136 Twill 1/3 [D] 8X 5 
Table A.2: Variables of structure elements for the upper- and lower ground fabrics by using  
Viscose (SP, 435 tex) 
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The executive specifications of experimental samples (number 201-209) for the upper- 
and lower ground fabrics by using PES (HT): 
 
 
 
 
 
 
 
Sample 
[Nr] Fabric constructions Ground fabric length (a2c1) [in mm] 
Weft density 
[in weft/cm] 
201 Weft rip weave 2/2 [A] 8 10 
202 Weft rip weave 2/2 [A] 12 10 
203 Weft rip weave 2/2 [A] 16 10 
204 Straight warp weave [SW] 8 10 
205 Straight warp weave [SW] 12 10 
206 Straight warp weave [SW] 16 10 
207 Modified straight warp weave [MSW] 8 10 
208 Modified straight warp weave [MSW] 12 10 
209 Modified straight warp weave [MSW] 16 10 
Table A.3: Variables of structure elements for the upper- and lower ground fabrics by using 
PES (HT, 113 tex) 
Warp and weft yarns count [in tex] :  113  
Sample width [in mm]: In the reed: 37.2 
 After fabric take-down: 37.2 
Warp density [yarn/cm]: In the reed: 28 
 After fabric take-down: 28 
Material:  PES ( HT) 
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Fig. B.1: The tensile strength test of used materials in weaving of experimental samples
                   Properties 
Materials 
Count 
tex 
maxFε -  
% 
maxF  
N 
maxF  
cN/tex 
PES (Texture yarn) 22.38 21.17 7.80 34.86  
Viscose (Spun yarn) 435 4.34 17.29 3.97 
PES (High tenacity) 113 55.47 80.76 71.47 
 
Table B.1: The tensile strength of used materials in weaving of experimental samples 
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Table C.1: The slippage strength-elongation curves, the simple linear regression equations, 
coefficient of determination (R2) and correlation coefficient (R) for the experimental samples 
woven by using PES (Textured, 22 tex) 
Samples   
Elongation 
[in mm] 
 
 
Slippage 
strength 
[in N] 
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.max.ryx  .min.ryx
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Simple linear 
regression 
equations 
abxyr += , 
.min..max. rr yy xxx ≤≤
 
R2 R 
1 4XA10 1.67 4.59 2.43 2.21 1.93 y = -0.35x + 2.82 0.81 -0.90 
2 4XA12 1.80 5.53 2.68 2.43 2.18 y = -0.1733x + 2.7309 0.4368 -0.6609 
3 4XA14 1.53 5.79 2.79 2.56 2.27 y = -0.1442x + 2.7067 0.2384 -0.4883 
4 6XA10 2.07 11.39 3.77 3.54 2.26 y = -0.3804x + 3.9571 0.9208 -0.9596 
5 6xA12 1.80 10.33 3.83 3.72 2.72 y = -0.2937x + 4.1531 0.9254 -0.9620 
6 6xA14 1.67 7.13 5.49 4.71 4.01 y = -0.4359x + 5.7905 0.6537 -0.8085 
7 8XA10 2.20 18.00 5.6 5.40 3.23 y = -0.2860x + 5.624 0.9283 -0.9635 
8 8XA12 3.00 15.40 5.49 5.42 2.76 y = -0.319x + 6.2227 0.9028 -0.9502 
9 8XA14 1.93 14.00 5.85 5.54 2.92 y = -0.3908x + 6.6788 0.9068 -0.9523 
10 4XB10 1.93 9.40 1.86 1.75 1.20 y = -0.1464x + 1.9177 0.8859 -0.9412 
11 4XB12 1.27 8.86 2.24 2.05 1.53 y = -0.1494x + 2.2239 0.8719 -0.9338 
12 4XB14 1.54 4.20 2.26 2.08 1.96 y = -0.1005x + 2.2304 0.2172 -0.4661 
13 6XB10 2.20 9.93 3.19 2.94 1.58 y = -0.1021x + 2.644 0.7255 -0.8518 
14 6XB12 1.93 15.40 3.85 3.49 1.91 y = -0.1982x + 3.4089 0.8736 -0.9347 
15 6XB14 1.80 5.00 3.77 3.53 2.99 y = -0.4394x + 4.3063 0.6723 -0.8200 
16 8XB10 2.07 27.40 4.31 3.91 1.65 y = -0.1237x + 3.3937 0.9186 -0.9584 
17 8XB12 2.20 22.20 5.01 4.72 2.10 y = -0.1622x + 3.8777 0.8986 -0.9480 
18 8XB14 1.80 19.13 5.48 5.24 2.99 y = -0.2572x + 4.942 0.9042 -0.9509 
19 4XC10 1.87 14.00 2.25 2.08 1.29 y = -0.1486x + 2,1865 0.9112 -0.9546 
20 4XC12 2.37 7.56 2.78 2.64 2.17 y = -0.228x + 2,84 0.9086 -0.9532 
21 4XC14 1.53 2.33 2.89 2.71 2.56 y = -0.2521x + 3.2916 0.9241 -0.9613 
22 6XC10 2.37 24.62 3.99 3.65 2.22 y = -0.1332x + 3,0849 0.8216 -0.9064 
23 6XC12 1.93 20.33 4.36 4.14 2.66 y = -0.1876x + 3.3526 0.7937 -0.8909 
24 6XC14 1.93 20.00 5.19 4.88 3.10 y = -0.2213x + 4.2856 0.8126 -0.9014 
25 8XC10 2.6 10.73 5.73 5.35 3.94 y = -0.3525x + 5.9275 0.7966 -0.8925 
26 8XC12 2.53 26.00 7.31 6.97 3.91 y = -0.1963x + 5.8202 0.8352 -0.9139 
27 8XC14 3.47 22.67 6.53 6.42 3.67 y = -0.19x + 5.2316 0.8239 -0.9077 
28 4XD10 2.03 19.40 2.37 2.24 1.54 y = -0.1193x + 2.3348 0.8239 -0.8519 
29 4XD12 2.17 5.36 2.48 2.36 2.04 y = -0.233x + 2.8411 0.7258 -0.9077 
30 4XD14 1.77 4.73 3.10 2.98 2.69 y = -0.2558x + 3.4015 0.7355 -0.8576 
31 6XD10 4.97 24.00 5.64 5.02 1.97 y = -0.1396x + 3.5737 0.7241 -0.8509 
32 6XD12 1.67 23.79 5.23 5.41 3.30 y = -0.2078x + 5.1153 0.8701 -0.9328 
33 6XD14 2.07 19.13 6.71 5.87 3.24 y = -0.3341x + 6.1892 0.925 -0.9618 
34 8XD10 2.83 32.00 7.89 7.01 2.72 y = -0.1977x + 6.0272 0.8216 -0.9064 
35 8XD12 2.87 31.99 8.94 8.65 4.64 y = -0.1991x + 8.5236 0.6945 -0.8334 
36 8XD14 2.57 26.97 9.35 8.82 4.64 y = -0.3198x + 8.398 0.8176 -0.9042 
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Table C.2: The slippage strength-elongation curves, the simple linear regression equations, 
coefficient of determination (R2) and correlation coefficient (R) for the experimental samples 
woven by using viscose (SP, 435 tex). 
Samples   
Elongation 
[in mm] 
 
 
Slippage 
strength 
[in N] 
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abxyr += , 
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R2 R 
101 4XA3 7,22 124.72 22.66 21.82 9.62 y = -0.0827x + 15.069 0.717 -0.8468 
102 4XA4 7,23 100.04 29.90 27.24 11.47 y = -0.1490x + 19.458 0.7854 -0.8862 
103 4XA5 6,84 76.20 32.64 29.40 14.33 y = -0.2898x + 26.36 0.7995 -0.8942 
104 6XA3 9,64 127.78 50.64 45.62 23.38 y = -0.1324x + 32.482 0.7067 -0.8407 
105 6xA4 9,02 100.04 52.03 49.89 28.37 y = -0.1957x + 39.041 0.7542 -0.8685 
106 6xA5 15,47 87.31 55.24 50.76 32.18 y = -0.3622x + 50.793 0.5661 -0.7524 
107 8XA3 11,63 135.79 72.30 68.45 37.84 y = -0.1457x + 48.586 0.4677 -0.6839 
108 8XA4 9,50 103.99 69.47 63.89 39.94 y = -0.2919x + 56.411 0.7716 -0.8784 
109 8XA5 23,09 90.42 69.95 60.83 35.30 y = -0.244x + 49.101 0.4365 -0.6607 
110 4XB3 6,86 131.26 24.47 22.18 11.20 y = -0.0513x + 14.731 0.4156 -0.6454 
111 4XB4 6,59 104.44 27.83 26.99 13.64 y = -0.0667x + 17.338 0.4101 -0.6404 
112 4XB5 7,79 96.73 37.79 36.22 18.49 y = -0.0614x + 21.473 0.5063 -0.7116 
113 6XB3 6,89 133.79 43.96 42.86 19.80 y = -0.1005x + 26.868 0.4481 -0.6694 
114 6XB4 9,31 107.38 66.76 60.84 28.02 y = -0.1973x + 39.533 0.5941 -0.7708 
115 6XB5 13,26 88.93 75.37 69.74 34.47 y = -0.3166x + 50.66 0.6377 -0.7986 
116 8XB3 11,25 140.12 70.08 64.51 30.39 y = -0.1707x + 43.308 0.5580 -0.7470 
117 8XB4 11,23 107.04 107.05 101.20 45.93 y = -0.3961x + 69.349 0.5882 -0.7669 
118 8XB5 18,00 92.20 122.24 116.24 58.72 y = -0.6094x + 93.302 0.6541 -0.8088 
119 4XC3 9,13 128.31 37.26 35.66 18.78 y = -0.0519x + 22.346 0.2956 -0.5437 
120 4XC4 7,91 104.95 42.21 40.48 20.87 y = -0.1135x + 27.273 0.539 -0.7342 
121 4XC5 10,57 80.17 62.52 59.41 32.27 y = -0.3066x + 46.18 0.6272 -0.7920 
122 6XC3 10,56 137.24 73.82 68.24 35.30 y = -0.1199x + 44.158 0.3893 -0.6239 
123 6XC4 10,39 108.12 93.86 88.43 46.36 y = -0.3061x + 64.496 0.6717 -0.8196 
124 6XC5 13,61 90.94 123.98 112.30 66.36 y = -0.5743x + 96.379 0.6271 -0.7919 
125 8XC3 10,56 140.61 106.62 103.07 56.09 y = -0.1841x + 70.004 0.3032 -0.5506 
126 8XC4 19,04 108.31 151.19 138.14 68.69  y = -0.4533x + 97.61 0.5393 -0.7344 
127 8XC5 20,30 91.14 185 166.98 73.92 y = -0.8145x + 119.33 0.4395 -0.6630 
128 4XD3 8,54 130.37 45.55 42.49 19.66 y = -0.1348x + 29.056 0.6923 -08320 
129 4XD4 8,99 103.82 54.95 49.38 23.25 y = -0.2014x + 34.614 0.6713 -0.8193 
130 4XD5 12,01 85.64 57.67 56.44 26.67 y = -0.3304x + 42.789 0.7105 -0.8429 
131 6XD3 11,17 140.54 89.61 85.97 43.55 y = -0.2279x + 60.838 0.6116 -0.7821 
132 6XD4 10,99 109.49 111.67 110.14 52.02 y = -0.3906x + 75.542 0.5949 -0.7713 
133 6XD5 26,54 97.94 125.61 114.10 52.17 y = -0.4145x + 76.621 0.3465 -0.5886 
134 8XD3 15,54 143.28 137.57 133.11 68.05 y = -0.3877x + 98.821 0.6418 -0.8011 
135 8XD4 17,11 120.61 165.48 161.35 70.05 y = -0.778x + 123.21 0.6448 -0.8030 
136 8XD5 19.71 110.53 188.63 179.14 75.72 y = -0.8194x + 129.68 0.5432 -0.7370 
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Table C.3: The slippage strength-elongation curves, the simple linear regression equations, 
coefficient of determination (R2) and correlation coefficient (R) for the experimental samples 
woven by using PES (HT, 113 tex). 
 
.max.ryx is the value of x at the strength-elongation curve and also at the simple regression   
             line when the value of y is the maximum  
.min.ryx  is the value of x at the regression line when the value of y is the minimum 
..avry     is the average value of slippage strength ( ∑
.min.=
.max.=
 y/n=..
ryy
ryyx
avry )    
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.max.ryx  .min.ryx
 
.max.ry
 
meany ..avry
 
Simple linear 
regression 
equations 
abxyr += , 
.min..max. rr yy xxx ≤≤
 
R2 R 
201 4XA10 8,01 0 1322,3 1153,6 557 y = 75.391x - 62,509 0.9365 0.9677
202 6XA10 24,91 0 6640,9 6224,9 2640 y = 93.836x - 380,4 0.9556 0.9776
203 8XA10 25,88 0 6667,3 6369,5 2650 y = 97.259x – 440,17 0.9634 0.9815
204 4XSW10 39,97 0 13,40 9,88 11.2 y = 0.0525x + 1.9087 0.6008 0.7751
205 6XSW10 33,05 0 28,58 15,85 6.02 y = 0.0454x + 3.7658 0.2774 0.5267
206 8XSW10 39,98 0 199,19 198,10 118 y =2.1178x + 12.809 0.5098 0.714 
207 4XMSW10 39,93 0 20,58 19,57 11 y = 0.1136x + 5.5708 0.6976 0.8352
208 6XMSW10 37,63 0 56,71 40,26 29.35 y = 0.21224x + 18.805 0.7716 0.8098
209 8XMSW10 22,17 0 251,67 197,57 107 y = 1.1272x + 51.052 0.5959 0.7720
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D.1: The slippage strength-elongation curves of the experimental samples which had 
been woven by using PES (texture, 22 tex)  
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D2: The slippage strength-elongation curves of the experimental samples which had been  
woven by using viscose (SP, 435 tex) 
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Sample Nr. 107 (8XA3) 
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Sample Nr. 113 (6XB3) 
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D.3: The slippage strength-elongation curves of the experimental samples which had 
been woven by using PES (HT, 113 tex) 
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Sample Nr. 207 (8MSW10) 
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Repeats Nr. 4X 6X 8X 
                 Weft density 
Wet/cm    
Construction 
 
10 
 
12 
 
14 
 
10 
 
12 
 
14 
 
10 
 
12 
 
14 
Weft rib weave 2/2 [A] 2,21 2,43 2,56 3,54 3,72 4,71 5,40 5,42 5,54 
Mixed rib and plain [B] 1,75 2,05 2.08 2.94 3.49 3.53 3.91 4.72 5.24 
Twill  weave 2/2 [C] 2.08 2.71 2.64 3.65 4.88 4.14 5.35 5.97 6.42 
Twill  weave 1/3 [D] 2.36 2.24 2.98 5.02 5.41 5.87 7.01 8.65 8.82 
F-value= 4,04 
Table E.1: Computation of F-value for the differences between the slippage strength values  
[in N] of the construction weaves for the experimental samples woven by using 
PES (texture, 22 tex) 
  
Repeats Nr. 4X 6X 8X 
                  Weft density 
Wet/cm    
Construction 
 
3 
 
4 
 
5 
 
3 
 
4 
 
5 
 
3 
 
4 
 
5 
Weft rib weave 2/2 [A] 21.82 27.24 29.40 45.62 49.89 50.76 68.45 63.89 60.83 
Mixed rib and plain [B] 22.18 26.99 36.22 24.86 60.84 69.74 64.51 101.20 116.24 
Twill  weave 2/2 [C] 35.66 40.48 59.41 68.24 88.43 112.30 103.07 138.14 166.98 
Twill  weave 1/3 [D] 42.49 49.38 56.44 85.96 110.14 114.10 133.11 163.03 175.99 
F value= 4,39 
Table E.2: Computation of F-value for the differences between the slippage strength values 
[in N] of the construction weaves for the experimental samples woven by using 
viscose (SP, 435 tex) 
 
The ground fabric length [in mm] 8 12 16 
                               Weft density 
Wet/cm    
Construction 
 
10 
 
10 
 
10 
Weft rib weave 2/2 [A] 1153.3 6224.9 6369.5 
Mixed rib and plain [B] 9.88 15.85 198.1 
Twill  weave 2/2 [C] 19.57 40.26 197.57 
F value= 4,58     
Table E.3: Computation of F-value for the differences between the slippage strength values
[in N] of the construction weaves for the experimental samples woven by using PES 
(HT, 113 tex) 
 
Kinds of experimental samples Elements of the spacer 
fabrics specifications 
 
Preparatory samples End samples 
 
Spacer fabrics appearance 
   
Material PES(texture, 22 tex) Viscose (SP, 435 tex) PES (HT, 113 tex) 
Ground fabrics Weft rib 2/2 Weft rib 2/2 Weft rib 2/2 SW MSW 
Wall fabric constructions Plain weave 1/1 
Dimensions of spacer 
fabrics ( l , h, w)  [in mm] (30, 25, 45) (80, 40, 58.3) (45, 30, 52) 
Nr. of ground fabric yarns 120 35 104 
Nr. of wall fabric yarns 120 35 104 
Reed dent 12 dent.cm-1 6 dent.cm-1 10 dent.cm-1 7 dent.cm-1 
Denting 4 yarns.dent-1 2 yarns.dent-1 4 yarns.dent-1 8 yarns.dent-1 
In the reed  50 mm 58.3 mm 52 mm 37.2 mm Sample 
width After take-down  45 mm 58.3 mm 52 mm 37.2 mm 
In the reed  48 yarns.cm-1 12 yarns.cm-1 40 yarns.cm-1 56 yarns.cm-1 Warp  
density After take-down  60 yarns.cm-1 12 yarns.cm-1 40 yarns.cm-1 56 yarns.cm-1 
Weft density  14 wefts.cm-1 5 wefts.cm-1 8 wefts.cm-1 10 wefts.cm-1 
Table F.1: The important elements for the specifications of the experimental samples of spacer fabric 
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Heald No. 8 
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Heald No. 5 
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Heald No. 2 
Heald No. 1 
 
Fig. F.1: Drafting system for the experimental samples of spacer fabrics (skip drafts) 
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Fig. F.2: Healds lifting plan for the preparatory samples of spacer fabric which had been 
woven by using PES (texture, 22 tex) 
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Fig. F.3: Healds lifting plan for the preparatory samples of spacer fabric which had been 
woven by using viscose (SP, 435 tex) 
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Fig. F.4: Healds lifting plan for the end samples of spacer fabric which had been woven by 
using PES (HT, 113 tex) and weft rib 2/2 weave for the ground fabrics 
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Fig. F.5: Healds lifting plan for the end samples of spacer fabric which had been woven by 
using PES (HT, 113 tex) and straight warp weave for the ground fabrics 
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Fig. F.6: Healds lifting plan for the end samples of spacer fabric which had been woven by 
using PES (HT, 113 tex) and modified straight warp weave for the ground fabrics 
 
 
 
